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The  Report 


Tasks  indicated  for  the  grant: 

Task  1.  year  1:  Create  transgenic  BuChE  and  AChE  Xenopus  tadpoles  with  different 
efficiencies  of  expression  and  the  cell-type  management  of  the  resultant  enzyme. 

Task  2.  year  1:  Chai'acterize  the  sensitivity  to  OPs  of  the  transgenic  tadpoles  (task  1). 
Task  3.  years  1  and  2:  Create  transgenic  BuChE-  and  AChE-mice  with  optimum  DNA 
construct  s  (task  2). 

Task  4.  years  2  and  3:  Test  transgenic  mice  (task  3)  in  behavioral  tests  and  hypothermic 
responses  with  or  without  exposure  to  OPs  and  LD^q. 

In  1997,  progress  is  reported  in  tasks 

Task  1:  Because  it  was  found  that  Xenopus  embryos  are  more  resistant  to  OPs  than  are 
mammalian  cells,  it  was  decided  to  concentrate  on  3’  splicing  variants  of  AChE,  those 
which  generate  characteristic  proteins.  This  is  reported  in  the  manuscript  by  Sternfeld  et 
al. 

Task  2:  The  work  on  characterizing  the  OP  sensitivities  of  the  variant  AChEs  is  in 
progress.  Results  will  not  be  available  until  next  year. 

Task  3:  Several  lines  of  AChE-transgenic  mice  have  been  created  and  characterization 
has  been  initiated. 

In  1998,  work  is  planned  on  tasks 

Task  3:  Characterization  of  OP  sensitivities  will  be  continued. 

Task  4:  Creation  and  characterization  of  mice  expression  AChE  variants  in  behavioral 
tests  will  be  initiated. 


Introduction 

Work  under  current  grant  support  has  focused  on  several  specific  topics.  First,  we  wished 
to  address  the  question  of  whether  changes  in  the  levels  and/or  properties  of  AChE  may 
cause  deleterious  effects  on  cognitive  or  neuromotor  functions  in  mammals.  To  answer  this 
question,  we  have  investigated  a  line  of  transgenic  mice  which  overexpress  human  AChE 
in  brain  neurons  and  have  studied  their  neuronal  circuitry,  neuromuscular  junctions  and 
spinal  cord  synapses  at  the  microscopic  and  electron  microscopic  levels,  in  conjunction 
with  their  neuromotor  and  cognitive  functioning  on  the  one  hand,  and  metabolic  changes  in 
their  cholinergic  neurotransmission  elements  on  the  other. 

The  second  question  addressed  in  our  research  refers  to  the  long-argued  issue  of  non- 
catalytic  functions  (s)  of  AChE.  To  unequivocally  demonstrate  that  such  functions  exist  and 
that  they  affect  neurogenesis  and  synaptogenesis,  we  created  an  insertion-inactivated  AChE 
by  genetic  engineering,  expressed  this  enzyme  in  developing  Xenopus  motoneurons  ,  and 
compai'ed  the  results  of  this  expression  with  those  obtained  with  a  series  of  catalytically 
active  AChE  variants  with  modified  C-termini.  The  outcome  of  this  study  indicates  that 
non-catalytic  role(s)  of  AChE  should  be  taken  into  consideration  also  when  the  catalytically 
active  enzyme  is  overexpressed,  as  in  the  case  of  the  transgenic  mice. 

To  further  explore  the  subject  of  post-transcriptional  control  of  AChE  properties,  we 
investigated  the  potential  of  phosphorylation  agent(s)  to  affect  the  catalytic  activity  of  this 
enzyme.  To  unravel  the  physiological  basis  of  the  paradoxical  appearance  of  CNS 
symptoms  in  response  to  the  peripherally  acting  AChE  inhibitor  pyridostigmine,  we 
considered  the  possibility  that  the  blood-brain  barrier  may  be  corrupted  under  acute 
psychological  stress. 

The  non-catalytic  functions  of  AChE  are  not  necessarily  blocked  by  chemical  inhibitors, 
which  demands  that  some  of  our  previous  conclusions  and  assumptions  must  be  viewed 
with  caution.  This,  in  turn,  called  for  development  of  novel  experimental  means  for 
suppression  not  only  of  AChE  activity,  but  also  of  the  protein’s  presence  in  any  form.  To 
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this  end,  we  initiated  the  antisense  approach,  based  on  prevention  of  protein  production 
through  sequence-targeted  destruction  of  the  mRNAs  which  encode  them. 

Along  these  lines,  the  body  of  this  report  is  organized  in  5  distinct  parts,  each  with  its  own 
focused  introduction  and  experimental  results  and  each  reflecting  one  or  more  publications: 

A.  The  role  of  AChE  in  inducing  a  genetically  programmed  neurodeterioration  in 
AChE-transgenic  mice 

Andres  et  al.,  (1997)  Proc.  Natl.  Acad.  Sci.  USA  94,  8173-8178. 

Andres  et  al.,  Neurochem.  Internatl.  (in  press) 

B .  Non-catalytic  functions  of  AChE  in  Xenopus  embryos  and  in  mice 
Sternfeld  et  al.,  J.  Neurosci.  (in  press) 

Beeri  et  al.  (1997)  J.  Neurochem.  69,  2441-2451. 

C .  The  increase  of  specific  catalytic  activity  of  AChE  in  response  to  phosphorylation 
Grifman  et  al.  (1997)  Mol.  Brain  Res.  51,  179-187. 

D.  The  physiological  basis  of  the  paradoxical  appearance  of  CNS  symptoms  in 
response  to  pyridostigmine,  a  peripherally  acting  AChE  inhibitor 
Friedman  et  al.,  (1996)  Nature  Med.  2,  1382-1385. 

E.  AS-ODN  suppression  of  ACHE  expression  in  cultured  cells. 

Grifman  et  al.  (1997)  in  Concepts  in  Gene  Research,  M.  Strauss,  J.A. 
Barranger,  eds.,  de  Gruyter,  Berlin,  141-167. 
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A.  The  role  of  AChE  in  genetically  programmed 
neurodeterioration  in  AChE-transgenic  mice 

1.  Transgenic  mice  display  embryonic  modulation  of  spinal  cord  choline 

acetyltransferase  and  neurexin  ip  expression  and  post-natal  neurodeterioration 

Introduction 

Mammalian  synapses  are  continuously  remodeled  to  adjust  to  growth  and  the  demands  of 
use  (Burns  and  Augustine,  1995;  Grinell,  1995).  Various  diseases  of  the  central  and 
peripheral  nervous  systems  that  are  associated  with  postnatal  or  adult-onset,  progressive 
deterioration  reflect  deficiencies  in  the  remodeling  processes  of  cholinergic  synapses. 
Examples  include  Alzheimer’s  disease  (AD)  (Coyle  et  al,  1983),  spinal  muscular  atrophy 
(Crawford  and  Pardo,  1996),  congenital  myasthenias  (Shillito  et  al.,  1993)  and 
amyotrophic  lateral  sclerosis  (Robert  and  Brown,  1995).  A  simple  model  to  explain  the 
delayed-onset  of  pathology  in  these  degenerative  conditions  views  the  decline  toward 
disease  as  a  gradual  accumulation  of  damage  which  results  in  pathology  when  it  passes  a 
threshold.  In  such  a  model,  built-in  margins  of  safety  protect  the  system,  and  hence  the 
organism,  for  a  period  of  time  that  reflects  the  margins  of  safety.  An  alternative,  or 
supplemental  approach  to  understanding  late-onset  disease  is  to  postulate  the  existence  of 
mechanisms  that  adjust  the  levels  of  other  proteins  and  assure  normal  function  during 
embryonic,  postnatal,  and  young  adulthood  periods,  but  which  falter  or  fail  during  aging. 

In  that  case,  the  age  of  onset  will  depend  on  the  limits  of  adjustment  and  on  the  functional 
integrity  of  the  cellular  and  moleeular  mechanisms  which  regulate  feedback  pathways.  To 
distinguish  between  these  possibilities  and  to  search  for  putative  age-limited  adjustment 
mechanisms,  animal  models  with  late-onset  nervous  system  defects  are  required. 

Imbalanced  cholinergic  neurotransmission  can  be  induced  in  animal  models  by 
acetylcholinesterase  (AChE)  over-production.  Changes  in  synaptic  AChE  density,  in 
particular,  are  predicted  to  modulate  synaptic  levels  of  acetylcholine  (ACh)  as  well  as 
postsynaptic  miniature  endplate  potentials  (MEPPS,  Anglister  et  al.,  1994).  Transient 
overexpression  of  AChE  indeed  exerts  a  morphogenic  effect  on  the  development  of 
neuromuscular  junctions  (NMJ)  in  AChE-transgenic  Xenopus  embryos  (Seidman  et  al. 
1995).  The  morphogenic  effects  of  overexpressed  AChE  were  attributed,  at  least  in  part,  to 
subtle  alterations  in  cholinergic  neurotransmission.  However,  while  the  overall  normal 
development  of  AChE-transgenie  tadpoles  suggested  that  developing  NMJs  can  tolerate 
some  deviation  from  normal  cholinergic  activity,  the  short  time  course  of  those  experiments 
(3-5  days)  precluded  an  investigation  into  the  long-term  effects  of  deregulated  AChE 
expression  on  neuromuscular  integrity  and  function.  To  this  end,  AChE-transgenic  mice 
provide  an  intriguing  model  in  which  the  effects  of  chronic  AChE  excesses  can  be 
examined  in  depth. 

Transgenic  overexpression  of  acetylcholinesterase  (AChE)  in  cholinergic  brain  neurons  of 
transgenic  mice  promotes  late-onset  progressive  impairments  in  learning  and  memory 
(Beeri  et  al.,  1995)  as  well  as  in  neuromotor  functioning  (Andres  et  al.,  1997).  The 
cognitive  defects  observed  in  these  mice  could  potentially  reflect  a  cholinergic  deficit  which 
is  caused  by  excessive  hydrolysis  of  ACh  and  a  consequent  cholinergic  hypofunction.  In 
this  sense,  the  adult-onset  loss-of-function  observed  in  AChE  transgenic  mice  can  serve  as 
a  model  for  the  loss  of  cholinergic  faculties  observed  in  Alzheimer’s  disease  (AD)  patients 
(Coyle  et  al.,  1983).  However,  the  neuromotor  deficiency  in  these  AChE-overexpressing 
transgenic  mice  was  preceded  by  changes  in  the  expression  of  both  choline  acetyl 
transferase  and  neurexin  Ib,  reflecting  feedback  processes  affecting  non-cholinergic 
functions  in  addition  to  the  cholinergic  ones  (Andres  et  al.,  1997).  This,  in  turn,  predicted 
changes  in  the  properties  and/or  cytoarchitecture  of  specific  synapses  that  were  associated 
with  the  delayed  onset  of  AChE-promoted  neurodeterioration  in  these  transgenic  mice.  To 
define  which  synapses  were  thus  affected,  we  have  undertaken  a  comparative  ultrastructure 
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analysis  of  neuromuscular  junction  (NMJ)  and  cholinergic  spinal  cord  axo-dendritic 
synapses  in  the  AChE-transgenic  mice. 

Formation  of  NMJs  differs  from  that  of  inter-neuronal  synapses  in  that  it  involves  the 
differentiation  of  precisely  defined  domains  on  the  surface  of  muscle  fibers  (Hall  and 
Sanes,  1993;  Carbonetto  and  Lindenbaum,  1995).  Mammalian  NMJ  formation  depends  on 
several  important  neuron-derived  proteins  including  agrin,  which  stimulates  the  formation 
of  subneural  clusters  of  ACh  receptors  (AChR)  and  AChE  (reviewed  by  Grinnell,  1995 
and  Gautam  et  al.,  1996)  and  neuregulin,  which  promotes  the  expression  of  several  of  the 
AChR  subunit  genes  (Jo  et  al.,  1995;  Carraway  and  Burden,  1995).  Experimental 
elimination  of  either  of  these  proteins  drastically  reduces  or  abolishes  NMJ  formation 
during  embryogenesis  and  results  in  prenatal  or  perinatal  death  (Gautam  et  al.,  1996,  Glass 
et  al.,  1996).  Global  interference  with  NMJ  formation  has  also  been  achieved 
experimentally  by  genomic  disruption  or  overexpression  of  other  key  NMJ  proteins,  CNTF 
(Masu  et  al.,  1993),  laminin  b2,  (Noakes  et  al.,  1995),  GAP-43  (Aigner  et  al.,  1995), 
rapsyn  (Gautam  et  al.,  1995),  and  MuSK  (Dechiarra  et  al.,  1996).  However,  the  early 
onset  and  severity  of  the  neuromuscular  defects  obtained  in  knock-out  studies  precludes 
investigation  into  the  role  of  these  molecules  in  the  long-term  maintenance  of  synaptic 
ultrastructure  and  function  during  adulthood. 

AChE-transgenic  mice  express  a  modest  excess  of  human  AChE  in  spinal  cord  but  not 
muscle  (Beeri  et  al.,  1995;  Andres  et  al.,  1997).  We  now  report  that  the  ultrastructure  of 
spinal  cord  cholinergic  synapses  is  largely  retained  in  spite  of  this  excess,  unlike  NMJs  of 
AChE  transgenic  mice  which  undergo  dramatic  cytoarchitectural  changes.  AChE-transgenic 
mice  thus  can  be  used  for  dissecting  the  molecular  and  cellular  chains  of  events  which  lead 
from  AChE  excess  toward  postnatal  neuromuscular  pathology.  Moreover,  they  can  be 
employed  to  differentiate  between  effects  of  impaired  cholinergic  neurotransmission  and 
those  due  to  modified  cell-cell  interactions.  Therefore,  they  may  establish  a  valid  paradigm 
for  approaching  delayed-onset  human  diseases  of  environmental  (e.g.  insecticide 
poisoning)  and/or  multigenic  origin  such  as  congenital  myasthenias  that  are  associated  with 
AChE  mal-or  overproduction. 

Experimental  Results 

To  explore  the  possibility  that  oveiproduction  of  neuronal  AChE  confers  changes  in  both 
cholinergic  and  morphogenic,  intercellular  interactions,  we  studied  developmental 
responses  to  neuronal  AChE  overexpression  in  motoneurons  and  neuromuscular  (NMJ) 
Junctions  of  AChE-transgenic  mice.  The  transgene  is  expressed  in  spinal  cord  neurons,  but 
not  in  muscle  (Fig.  1).  Perikarya  of  spinal  cord  motoneurons  were  consistently  enlarged 
from  embryonic  through  adult  stages  in  AChE-transgenic  mice  (Fig.  2).  Atypical 
motoneuron  development  was  accompanied  by  premature  enhancement  in  the  embryonic 
spinal  cord  expression  of  choline  acetyltransferase  (ChAT)  mRNA,  encoding  the 
acetylcholine  synthesizing  enzyme  (Fig.  3).  In  contrast,  the  mRNA  encoding  neurexin-I(3, 
the  heterophilic  ligand  of  the  AChE-homologous  neuronal  cell  surface  protein  neuroligin, 
was  drastically  lower  in  embryonic  transgenic  spinal  cord  than  in  controls  (Fig.  4). 
Postnatal  cessation  of  these  dual  transcriptional  responses  was  followed  by  late-onset 
deterioration  in  neuromotor  performance  that  was  associated  with  gross  aberrations  in  NMJ 
ultrastructure  and  with  pronounced  amyotrophy  (Figs.  5,  6).  These  findings  demonstrate 
embryonic  feedback  mechanisms  to  neuronal  AChE  overexpression  that  are  attributable  to 
both  cholinergic  and  cell-cell  interaction  pathways,  suggest  that  embryonic  neurexin  1(3 
expression  is  concerted  in  vivo  with  AChE  levels,  and  indicate  that  postnatal  changes  in 
neuronal  AChE-associated  proteins  may  be  involved  in  late-onset  neuromotor  pathologies. 
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Fig.  1.  Human  AChE  cDNA 
is  expressed  in  spinal  cord 
neurons  but  not  muscle.  Ai 

RT-PCR  analyses.  Primers  specific  for 
mouse  (m)  or  human  (h)  AChEmRNA 
induced  expression  of  the  transgene  in 
transgenic  (T)  spinal  cord  but  not  muscle. 
Control  (C)  mice  express  the  endogenous 
mRNA  in  both  tissues.  B,C:  In  situ 
hybridization.  A  probe  which  detects  both 
mouse  and  human  AChEmRNAs  labeled 
neurons  in  50  fim  cervical  spinal  cord 
sections  from  both  transgenic  (B)  and 
control  (C)  mice.  Black  arrows  indicate 
large  polygonal  a-motoneurons;  white 
arrows  indicate  y  motoneurons  and/or 
interneurons.  Size  bar  equals  50  jj.m. 

Note  that  labeling  is  restricted  to  cells 
with  neuronal  morphology.  D.E:  Enzyme 
activity.  Fixed  sections  from  the  anterior 
horn  of  lumbar  spinal  cord  of  transgenic 
(D)  or  control  (E)  mice  were 
cytochemically  stained  for  catalytically 
active  AChE.  Note  the  enhanced  activity 
in  nerve  fibers  and  cell  bodies  from  the 
transgenic  spinal  cord.  Size  bar  equals 
100  pm. 


Fig.  2.  AChE  overexpression  is 
associated  with  enlarged  motoneuron 
perikarya.  A.  Embryonic  enlargement.  Thoracic  spinal 
cord  sections  from  E 17  transgenic  (T)  and  control  (C)  mice 
were  stained  with  cresyl  violet  and  the  perikaryal  areas  in 
pm^  of  ventral  horn  cells  measured.  Presented  are  percent 
fractions  of  the  total  number  of  cresyl  violet-positive  cells 
in  each  size  group  (67  control  and  32  transgenic  cells  were 
measured).  This  analysis  revealed  overall  enlargement  of 
neurons  in  transgenic  embryonic  spinal  cord  (p<0.05). 

Inset.  Representative  cresyl  violet-positive  control  (C)  and 
transgenic  (T)  neurons  from  embryonic  (El 7)  and  3  month- 
old  (adult)  mice  are  presented.  Note  that  the  enlarged 
neurons  characteristic  of  transgenic  animals  maintain  the 
normal  polygonal  morphology.  Size  bar  =  10  pm.  Arrows 
indicate  motoneurons,  B.  Adult  enlargement.  Separate  size 
distributions  for  ventral  horn  neurons  up  to  150  pm^  (left) 
and  larger  than  150  pm^  (right)  from  adult  mice  are 
presented.  Smaller  cells  (202  control  and  186  transgenic 
cells),  presumably  interneurons  and  y-motoneurons  showed 
similar  perikaryal  area  distributions  in  transgenic  and  control  animals.  In  contrast,  the  larger  ventral  horn 
cells,  presumably  a-motorneurons  (44  control  and  27  transgenic  cells),  preserved  the  embryonic  trend  of 
enlarged  perikarya  observed  in  transgenic  animals  (p<0.02). 
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Fig.  3.  Transgenic 
hAChEmRNA  expression 
induces  a  transient 
embryonic  enhancement  in 
ChATmRNA  levels.  A.  RT- 
PCR  analyses.  RNA  extracted  from 
spinal  cord  of  control  (C)  and  transgenic 
(T)  mice  at  the  noted  ages  was  subjected 
to  kinetic  RT-PCR  using  primers  for 
the  noted  mRNAs.  Aliquots  of 
amplified  DNA  representing  human  (h) 
or  mouse  (m)  ACHE  or  ChAT  mRNAs 
were  removed  every  third  cycle  from 
cycle  21,  representing  differences  of  ca. 
8-fold  between  samples.  Products  were 
electrophoresed  and  stained  with 
ethidium  bromide.  Note  that 
hAChEmRNA  is  present  only  in  transgenic  mice,  that  endogenous  AChE  mRNA  levels  are  similar  in 
control  and  transgenic  animals,  and  that  while  mChAT  levels  are  undetectable  in  control  El 7  embryos,  a 
prominent  signal,  marked  by  a  star,  is  observed  in  transgenic  embryos.  In  postnatal  mice,  ChAT  mRNA 
levels  in  transgenic  and  control  spinal  cord  are  indistinguishable.  NB  =  newborn.  B.  In  situ  hybridization.  7 
jam  sections  from  the  lumbar  spinal  cord  of  control  (C)  and  transgenic  (T)  E17  embryos  were  subjected  to 
in  situ  hybridization.  Fast-red  red  (Boehringer-Mannheim,  Germany)  served  for  detection.  Note  the  intense 
AChE  and  ChAT  mRNA  signals  in  transgenic  cell  bodies. 


Fig.  4.  Neurexin  1(3  mRNA  is 
dramatically  suppressed  in 
embryonic  and  newborn  transgenic 
mice.  Primers  specific  for  neurexin  1(3  and  IIip 
mRNAs  were  used  in  semi-quantitative  RT-PCR 
on  spinal  cord  RNA  from  control  (C)  and 
transgenic  (T)  mice  at  the  noted  ages.  Note  the 
dramatic  reduction  in  signal  intensities  for 
neurexin  ip  in  embryonic  (El 7)  and  newborn  (NB) 
transgenic  mice  compared  to  controls  and  to  5 
week-old  (5  Wk)  mice.  Primers  for  p-actin  mRNA 
served  to  verify  quantity  and  quality  of  RNA  in 
each  sample.  Shown  are  PCR  products  sampled 
every  third  cycle  (i.e.,  reflecting  8-fold  differences) 
from  cycle  2 1  for  P-actin  and  cycle  24  for 
neurexins. 
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Fig.  5.  Postnatal  motor  function 
impairments  worsen  with  age. 

Groups  of  5-10  mice  at  the  ages  of  4  week-  and  4  month-old 
transgenic  (T)  and  control  (C))  were  suspended  with  their 
forelegs  on  a  3  mm  diameter  rope  and  the  time  taken  to 
securely  grip  the  rope  with  their  hindlegs  was  noted  (latency). 
Presented  are  escape  latencies  in  sec  (avg  ±  SD).  Note  the 
slower  performance  of  transgenics  as  compared  with  controls  at 
both  age  groups  and  the  worsening  of  this  phenotype  with  age. 
B.  Electromyographic  profiles.  Evoked  muscle  fiber  potentials 
(VA^min)  following  sciatic  nerve  stimulation  were  recorded  by  a 
microelectrode  placed  on  the  surface  of  the  gastrocnemius 
muscle  in  3  transgenic  (filled  squares)  and  3  control  (empty 
squares)  mice.  Inset.  Superposition  of  responses  evoked  by 
increasing  stimulus  intensity  up  to  1,0  mA  at  1  Hz  as  in  the 
enclosed  scale.  Saturation  of  response  occurred  only  at  high 
stimulus  intensities  and  required  more  stimuli  in  transgenics 
than  in  controls.  Note  that  in  the  transgenic  muscle  several 
negative  peaks  were  observed  in  response  to  a  single  stimulus. 
C:  Delayed  repetitive  firing  of  action  potentials.  Following 
100  supramaximal  stimulations  at  1  Hz,  abnormal  late 
potentials  (filled  bars)  appeared  in  4  transgenic  animals  for  up 
to  40  msec  post-stimulation  as  compared  with  a  few  signals  in 
4  control  animals  (empty  bars).  Presented  are  numbers  of 
response  spikes  as  a  function  of  latency  time  for  10  different 
measurements. 
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Fig.  6.  Enlargement  and  shape 
modifications  in  diaphragm 
neuromuscular  junctions  of 
transgenic  animals.  A.  NMJ  surface 
changes.  Wholemount  cytochemical  staining  of 
AChE  activity  was  performed  on  fixed 
diaphragms  from  4  month-old  transgenic  (top) 
and  control  (center)  animals.  Transgenic  NMJs 
displayed  larger  circumference  and  fading 
boundaries  as  compared  with  the  complex,  sharp 
contours  in  controls.  Representative  endplates 
from  12  control  and  transgenic  mice.  Similar 
results  were  obtained  using  methylene  blue 
staining  for  total  protein  (not  shown).  Bottom: 
Stained  areas  in  |am^  for  motor  endplates 
illustrated  above  (for  90  control,  100  transgenic 
terminals)  are  presented  as  a  frequency 
distribution  plot.  B.  Post-synaptic  fold  changes. 
Electron  microscopy  of  80  nm  cross-sections  of 
terminal  diaphragm  zones  reveals  variable 
deformities  in  NMJ  from  transgenic  mice.  Top. 
Normal  NMJ.  Center.  Transgenic  NMJ  with 
exaggerated  post-synaptic  folds.  Bottom. 
Transgenic  NMJ  with  short,  undeveloped  folds 
marked  by  arrowheads.  V  =  vesicles;  M  = 
muscle;  V  =  vesicles;  F  =  post-synaptic  folds. 
C:  Muscle  abnormalities.  Left:  Longitudinal 
section  from  normal  diaphragm  muscle.  Note 
the  organization  of  mitochondria  (Mt)  at  well- 
aligned  Z  bands  (Z).  Right.  Transgenic 
diaphragm  muscle  with  fiber  atrophy,  loss  of 
muscle  fiber  organization  and  swelling  of 
mitochondria  at  disrupted  Z  bands. 
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2.  Transgenic  acetylcholinesterase  induces  enlargement  of  murine  neuromuscular 
junctions  but  leaves  spinal  cord  synapses  intact 


Introduction 

Animal  models  for  studying  late-onset  disorders  associated  with  cholinergic  deterioration, 
and  most  notably  Alzheimer’s  disease  (AD)  should  display  progressive  deterioration  of 
memory  and  learning,  as  well  as  senile  plaques  and  neurofibrillary  tangles  (Price  et  ah, 
1995),  a  hypofunctional  cholinergic  system  (Bierer  et  ah,  1995),  and  breakdown  in  cortical 
circuitry  related  to  cell  and  synaptic  loss  (Davies  &  Maloney,  1976;  DeKosky  and  Sheff, 
1990;  Terry  et  ah,  1992;  Honer  et  ah,  1992).  Aged,  cognitively-impaired  animal  models 
displayed  the  expected  behavioral,  neuroanatomical,  and/or  neurochemical  changes  in  their 
cholinergic  system  (Bartus  and  Uehara,  1979).  Several  physical  or  pharmacological 
modulations  also  resulted  in  loss  of  cholinergic  synapses  and  impaired  memory  (Fischer  et 
ah,  1989  ;  Zhi  et  ah,  1995).  Subsequent  transgenic  APP  mouse  models  (LaFerla  et  ah, 
1995;  Games  et  ah,  1995;  Moran  et  ah,  1995;  Hsiao  et  ah,  1995,  1996)  demonstrated 
development  of  Ab  deposits,  neuritic  plaques,  synaptic  loss  and  late-onset  spatial  memory 
deficits.  However,  in  AD,  amyloid  plaques  and  tangles  are  particularly  concentrated  in 
brain  regions  where  cholinergic  circuits  operate  (Coyle  et  ah,  1983).  Also,  synaptic  loss 
but  not  the  presence  of  amyloid  plaques  or  neurofibrillary  tangles  could  be  convincingly 
correlated  with  cognitive  impairment  in  AD  (Terry  et  ah,  1992).  Yet,  correlation  between 
high  levels  of  ^-amyloid  deposits  and  progressive  severity  of  the  cognitive  defect  was  only 
shown  in  part  of  the  above  transgenic  models  (Hsiao  et  ah,  1996) .  Therefore,  it  remained 
unresolved  whether  the  learning  deficits  in  these  mice  were  caused  by-  or  only  correlated 
with  increased  brain  |3-amyloid  levels  and  amyloid  depositions. 

In  AD,  structural  changes  in  brain  cholinergic  synapses  (DeKosky  and  Scheff,  1990)  are 
associated  with  loss  of  neuronal  nicotinic  binding  sites  (Nordberg  et  ah,  1988),  with  death 
of  ACh-producing  neurons  (Davies  and  Maloney,  1976;  Whitehouse  et  ah,  1986),  and 
with  the  consequent  disruption  of  cholinergic  neurotransmission  (Coyle  et  ah,  1983; 
Fibiger,  1991).  The  resultant  hypocholinergic  condition  is  characterized  by  a  relative  excess 
of  the  ACh-hydrolyzing  enzyme,  acetylcholinesterase  (AChE).  To  define  the  contribution 
of  cholinergic  malfunction  toward  the  AD  phenotype  ,we  have  recently  used  the  authentic 
promoter  from  the  human  ACHE  gene  in  conjunction  with  the  AChE-coding  sequence  to 
create  transgenic  mice  expressing  human  AChE  in  central  nervous  system  (CNS)  neurons. 
Manual  use  of  the  Morris  water  maze,  revealed  a  progressively  severe  decline  in  the  spatial 
learning  and  memory  capabilities  of  these  transgenic  mice  (Beeri  et  ah,  1995).  It  was 
therefore  of  interest  to  carefully  dissect  the  learning  and  memory  impairments  in  AChE 
transgenic  mice  and  examine  in  them  which  of  the  morphometric  and/or  biochemical 
correlates  of  AD  can  be  causally  associated  with  cholinergic  malfunction. 

Cortical  neurons  in  normal  aged  humans  may  develop  longer  and  more  branched  dendritic 
trees  than  either  young  adults  or  individuals  with  senile  dementia  (Buell  and  Coleman, 
1981).  Cognitive  deficiencies  are  further  associated  with  dysgenesis  of  dendritic  spines,  on 
which  most  cortical  synapses  reside  (Purpura,  1974;  Braak  and  Braak,  1985).  We 
therefore  wished  to  evaluate  the  state  of  dendrite  arborizations  and  spine  density  in  adult 
transgenic  mice  with  excess  brain  AChE.  Also,  we  explored  the  transport  of  choline,  which 
is  used  by  cholinergic  neurons,  both  for  reforming  metabolized  membrane 
phosphatidylcholine  and  for  synthesizing  the  neurotransmitter  acetylcholine  (ACh).  The 
levels  of  the  high  affinity  Na'^-dependent  choline  transporter  unique  to  these  cells  can  be 
quantified  using  [^H]  hemicholinium-3  (Vickroy  et  al.,  1984).  The  concentration  of 
available  choline  is  the  rate  limiting  factor  for  ACh  synthesis;  when  choline  is  in  short 
supply,  active  cholinergic  neurons  were  reported  to  sustain  neurotransmission  at  the 
expense  of  membrane  building  (Wurtman,  1992).  Indeed,  cerebral  cortical  areas  in  AD 
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brains  exhibited  marked  decreases  in  choline  acetyltransferase  (ChAT)  activity  and 
significant  enhancement  in  [^H]  hemicholinium-3  binding.  In  the  AD  frontal  cortex, 
transporter  overexpression  exceeded  the  level  which  is  needed  to  compensate  for  the  loss  of 
synaptic  terminals,  presumably  accelerating  membrane  turnover  and  neurodegeneration 
(Slotkin  et  ah,  1994). 

In  search  for  behavioral,  morphological  and  molecular  comelates  common  to  AD  and  the 
AChE-transgenic  mice  we  employed  video  imaging  to  carefully  assess  the  memory 
impairment  in  these  mice.  We  further  examined  in  them  the  dendritic  branching  and  spine 
density  in  cortical  neurons,  the  mRNA  and  protein  levels  of  ACh-receptors  and  the  levels 
of  [^H]-hemicholinium-3  binding.  Our  findings  demonstrate  complex  cognitive  failure, 
attenuated  dendrite  branching,  declined  spine  density  and  Imbalanced  choline  metabolism  in 
AChE  transgenic  mice,  attributing  all  of  these  phenomena  to  AChE  excess  and  the 
associated  cholinergic  malfunction. 

Experimental  Results 

AChE  produced  by  spinal  cord  motoneurons  accumulates  within  axo-dendritic  spinal  cord 
synapses  (Fig.  1)  It  is  also  secreted  from  motoneuron  cell  bodies,  through  their  axons,  into 
the  region  of  neuromuscular  junctions,  where  it  terminates  cholinergic  neurotransmission. 
We  have  shown  that  transgenic  mice  expressing  human  AChE  in  their  spinal  cord 
motoneurons  display  primarily  normal  axo-dendritic  spinal  cord  cholinergic  synapses  in 
spite  of  the  clear  excess  of  transgenic  over  host  AChE  within  these  synapses  (Fig.  2).  This 
is  in  contrast  to  our  recent  observation  that  a  modest  excess  of  AChE  drastically  affects  the 
structure  and  long-term  functioning  of  NMJs  in  these  mice  although  they  express  human 
AChE  in  their  spinal  cord,  but  not  muscle  (above).  Enlarged  muscle  endplates  with  either 
exaggerated  or  drastically  shortened  post-synaptic  folds  (Tables  1,  2)  then  lead  to  a 
progressive  neuromotor  decline  and  massive  amyotrophy.  These  findings  demonstrate  that 
excess  neuronal  AChE  may  cause  distinct  effects  on  spinal  cord  and  neuromuscular 
synapses,  and  attribute  the  late-onset  neuromotor  deterioration  observed  in  AChE 
transgenic  mice  to  NMJ  abnormalities. 


Table  1.  Morphometric  parameters  of  hAChE-expressing  spinal  cord 
synapses” 


control 

transgenic 

AChE  stained  area,  um^ 

0.05  ±  0.04  (43) 

|||H  |i||ilhM 

p  <  0.03 

area  occupied  by  vesicles,  um^ 

0.47  ±  0.3  (37) 

n.s. 

vesicles/  um^ 

95.8133.9  (16) 

n.s. 

axon  minimal  diameter,  pm 

|i||i|  lilllMiM 

n.s. 

axonal  mitochondria  area,  pm^ 

liJMcMtJlfcmrM 

n.s 

dendrite  minimal  diameter,  pm 

2.44  ±  2.3  (20) 

iiSiiiaifflBliB— 

n.s. 

dendritic  mitochondria  area,  pm  '^ 

|i|ll  |i|IHI  M 

|i|||  liMIti  f 

n.s. 

“Morphometric  parameters  were  derived  from  photographs  taken  using  light  or  electron  microscopy  for  the 
numbers  of  axo-dendritic  cholinergic  synapses  from  the  anterior  spinal  cord  of  at  least  5  adult  control  and 
transgenic  mice.  Statistical  significance  (Student’s  t  test)  is  noted  wherever  relevant;  n.s.,  not  significant. 
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Table  2,  Morphometric  parameters  of  hAChE-expressing  neuromuscular 
junctions'* 


parameter 

control 

transgenic 

AChE  stained  area,  |im" 

398  ±  136.4  (90) 

625.6  ±  227.7  (100) 

P< 

0.001 

methylene  blue-stained  area,  pm" 

301  ±92.1  (38) 

P< 

0.001 

mean  length  of  post-synaptic  folds/ 
length  of  NMJ 

0.56  ±0.12(14) 

0.65  ±0.37  (16) 

n.s. 

vesicles/pm^ 

DgDBBSniigIBBi 

p  <  0.02 

muscle  fiber  diameter,  pm 

30.8  ±  7.45  (69) 

35.6  ±5.17  (75) 

P< 

0.005 

'^Morphometric  parameters  were  determined  as  detailed  in  Table  1  for  the  numbers  noted  of  NMJs,  analyzed 
folds  or  muscle  fibers  from  the  diaphragm  muscle  of  control  and  transgenic  mice. 


Fig.  1. 
Transgenic 
human  AChE 
is  found  in 
spinal  cord 
and  muscle 
homogenates. 
Detergent-soluble 
homogenates  of 
spinal  cord  and 
muscle  were 
fractionated  by 
sucrose  gradient 
centrifugation  and 
AChE  activity 
determined  in  each 
fraction  prior  to 
(line)  or  after 
binding  to  a  specific 
anti-human  AChE 
monoclonal 
antibody  (shaded 
area)  (Seidman  et 
ah,  1995).  Note  the 

different  activity  scales  for  spinal  cord  (left)  and  muscle  (right  hand  side).  Arrows  denote  sedimentation  of  an 
internal  marker,  bovine  catalase  (1 1.4  S).  Activity  peaks  reflecting  globular  monomers,  dimers  and 
tetramers  are  labeled  G1 ,  G2  and  G4,  respectively.  Fractions  drawn  from  the  top  of  each  tube  represented  by 
fraction  1. 
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Fig.  2.  AChE  overexpression  in  axo-dendritic  synapses  from  anterior 
spinal  cord  of  transgenic  mice.  Electron  micrographs  of  three  representative  synapses  from 
transgenic  and  control  (C)  mice  are  presented.  Acetylthiocholine  hydrolysis  products 
representing  sites  of  AChE  accumulation  appear  as  dark  crystals,  particularly  conspicuous  in 
the  synaptic  cleft  between  axon  terminals  (T)  and  dendrites  (D).  Y  =  vesicles.  Size  bar  equals 
1  pm. 
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B .  Non-catalytic  functions  of  AChE  in  Xenopus  embryos  and  in  mice 

1 .  Acetylcholinesterase  enhances  neurite  growth  and  synapse  development  through 
alternate  contributions  of  its  hydrolytic  capacity,  core  protein  and  variable  C-termini 

Introduction 

Acetylcholinesterase  (AChE)  hydrolyzes  the  neurotransmitter  acetylcholine  (ACh)  released 
from  nerve  terminals  at  neuromuscular  junctions  (NMJs)  and  brain  cholinergic  synapses, 
thus  terminating  synaptic  transmission  (Salpeter,  1967).  Potential  non-catalytic  function(s) 
of  AChE  were  implicated  by  findings  that  certain  AChE  inhibitors  decrease  chick  neurite 
outgrowth  in  culture  and  that  externally  added  AChE  stimulates  this  process  regardless  of 
the  presence  of  specific  inhibitors  (Layer  et  al.,  1993;  Small  et  al,  1995;  Jones  et  al., 

1995).  Sequence  homology  between  AChE  and  several  adhesion  molecules  (de  La  Escalera 
et  al.,  1990;  Ichtchenko  et  al.,  1995)  and  the  early  appearance  of  AChE  in  developing 
embryos  before  the  onset  of  cholinergic  neurotransmission  (Layer  and  Willbold  ,  1995) 
also  suggest  that  AChE  may  play  a  developmental  function  in  cellular  development  and  in 
neuronal  growth,  that  is  unrelated  to  its  classical  ACh  hydrolyzing  activity.  However, 
experiments  addressed  at  the  non-catalytic  nature  of  the  neurogenic  activity  of  AChE  were 
all  based  on  the  indirect  use  of  inhibitors  or  involved  external  addition  of  AChE  to  the 
culture  medium  (Jones  et  al.,  1995)  or  the  solid  substrate  (Layer  et  al.,  1993,  Small  et  al., 
1995).  This  called  for  studies  where  the  mode  or  level  of  the  autologous  expression  of 
AChE  would  be  changed  within  the  tested  neurons  themselves. 

The  human  AChEmRNA  transcript  may  be  alternatively  spliced  at  its  3'-end  to  yield  3 
mature  AChEmRNAs  encoding  protein  products  with  three  distinct  C-termini  (Ben  Aziz- 
Aloya  et  al.,  1993;  Karpel  et  al.,  1994).  These  include  the  brain-abundant  exon  6-encoded 
C-terminal  peptide,  the  hematopoietic  exon  5-encoded  C-terminus  which  enables 
glycophospholipid  conjugation  and  the  C-terminus  derived  from  the  open  reading  frame  of 
the  tumor-abundant  pseudointron  4.  The  brain  and  muscle  human  (h)  AChE  form  (hAChE- 
E6),  overexpressed  in  developing  Xenopus  laevis  embryos,  accumulates  in  and  enlarges 
the  post-synaptic  length  of  neuromuscular  junctions  (Seidman  et  al.,  1994;  1995).  Injection 
of  hACT/^NA  encoding  the  readthrough  form  of  AChEmRNA  {ACHE-IAIE5)  to 
Xenopus  embryos,  caused  selective  production  and  secretion  of  an  enzyme  C-terminated 
by  the  I4-encoded  peptide  (AChE-I4)  in  ciliated  and  secretory  epidermal  cells.  However, 
AChE-14  did  not  reach  neuromuscular  junctions  or  affect  their  length  (Seidman  et  al., 

1995).  In  cultured  glioma  cells  microinjected  or  stably  transfected  with  the  ACHE-E6 
vector,  overexpression  caused  cell  body  enlargement  and  rapid  process  extension.  Stable 
transfection  with  ACHE-14/E5,  in  contrast,  caused  the  appearance  of  small,  process-less 
round  cells  (Karpel  et  al.,  1996).  However,  no  experiments  explored  the  potential  effects 
of  these  alternative  C-termini  on  AChE-induced  process  extension  from  primary  neurons. 
To  address  these  questions,  we  constructed  two  novel  hAChEDNA  vectors.  One  of  these 
encodes  a  truncated  form  of  the  enzyme,  devoid  of  any  of  the  natural  C-termini;  the  other 
encodes  an  insert-disrupted  form  of  the  enzyme,  incapable  of  hydrolyzing  ACh  yet 
recognized  by  anti-AChE  antibodies.  These  two  constructs  and  the  above  ACHE-E6  and 
ACHE-14/E5  DNAs  were  microinjected  into  Xenopus  oocytes  and  embryos  and  were  used 
to  test  the  biochemical  and  hydrodynamic  properties  of  the  resultant  proteins  and  compare 
these  properties  with  the  effects  of  each  of  these  AChE  variants  on  neurite  extension  of 
Xenopus  spinal  neurons. 

Experimental  Results 

Accumulated  indirect  evidence  suggests  nerve-growth  promoting  activities  for  AChE.  To 
unequivocally  define  whether  such  activities  exist,  whether  they  are  related  to  this  enzyme's 
capacity  to  hydrolyze  acetylcholine,  and  whether  they  are  associated  with  specific 
alternative  splicing  products  of  the  ACHE  gene,  we  employed  four  biochemically  distinct 
recombinant  human  AChEs  (Fig.  1).  First,  Xenopus  laevis  embryos  were  injected  with 
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human  ACHE  DNA  for  characterization  of  the  expression  products.  When  expressing  the 
synapse-characteristic  AChE-E6  which  contains  the  exon  6-derived  C-terminus,  cultured 
spinal  neurons  grew  3-fold  faster  than  co-cultured  control  neurons  (Figs.  2,  3,  Table  1). 
Similar  enhancement  occurred  in  neurons  expressing  an  insertion-inactivated  human  AChE- 
E6-IN  protein,  which  displays  immunochemical  and  electrophoretic  migration  properties 
indistinguishable  from  those  of  the  normal  synaptic  enzyme,  but  is  not  capable  of 
hydrolyzing  acetylcholine.  In  conti'ast,  the  non-synaptic  secretory  human  AChE-I4  variant, 
which  contains  the  pseudointron  4-derived  C-terminus  did  not  affect  neurite  growth. 
Moreover,  no  growth-promotion  occurred  in  neurons  which  express  the  soluble, 
catalytically  active  C-teiTninally  truncated  human  AChE  -E4,  demonstrating  a  dominant¬ 
positive  role  of  the  E6-derived  C-terminus  and  an  inert  role  for  the  I4-derived  alternative  C- 
terminus  in  neurite  extension.  Of  all  three  active  enzyme  variants  employed,  AChE-E6  was 
the  only  one  to  be  associated  'w'lih.Xenopus  membranes  (Figs.  4,  5).  These  findings  prove 
an  autologous,  evolutionarily  conserved  and  exon  6-dependent  growth-promoting  activity 
for  neuronal  AChE.  Furthermore,  this  study  directly  reveals  that  the  morphogenic  activity 
of  AChE  is  spatially  limited  and  unrelated  to  its  hydrolytic  capacity  and  points  at  a 
mechanism  of  enzyme  association  with  the  cell  membrane  for  this  function  . 


Table  1.  Effects  of  AChE  on  neurote  growth  in  vitro 


construct 

injected'* 

total  neurite  length  per  cell 
(pm) 

growth  rate 
(pm/hr) 

number  of 
branches 

number  of  cells 
(embryos) 

at  6-7  hr 

at  9-10  hr 

ACHE-E6 

+ 

64.6  +  6.5 

124.0  ±11.7 

37.9  ±5.2* 

1.8  ±0.1 

32  (7) 

- 

55.2  +  5.9 

88.2  ±10.3 

12.9  ±  2,7 

1.6  ±0.1 

33  (7) 

ACHE-14/E5 

+ 

62.0  ±10.6 

77.5  ±  8.2 

11.6  ±2.1 

1.7  ±0.1 

27  (8) 

- 

52.9  ±5.0 

92.7  ±  6.2 

14.7  ±1.9 

1.6  ±0.1 

31  (8) 

ACHE-E6-IN  + 

91.2  ±9.8* 

156.9  ± 

33.6  ±3.7* 

2.0  ±  0.1 

25(3) 

13.6* 

- 

47.4  ±5.1 

62.5  ±  9.6 

11.2  ±2.1 

1.5  ±0.1 

28  (3) 

ACHE-E4 

+ 

48.0  ±  7.0 

94.2  ±  9.1 

11.9  ±3.7 

1.7  ±0.2 

16(4) 

- 

51.6  ±7.4 

126.2  ±  20.4 

13.0  ±4.2 

1.8  ±0.2 

20(4) 

"cDNA  vectors  were  injected  into  Xenopus  embryos  at  the  2-cell  stage  using  rhodamine- 
dextran  as  a  marker.  Cultures  were  made  from  injected  embryos  1  day  later.  “+”  indicates 
rhodamine-dextran-positive  neurons,  indicates  rhodamine-dextran-negative  neurons  in 
the  same  cultures. 

*Significant  difference  was  found  between  +  and  -  groups  (two-tailed  t  test;  p  <  0.005). 
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Fig.  1.  Biochemical  properties  of  recombinant  AChE  variants.  A.  Analyzed 
AChE  DNAs.  The  DNA  constructs  which  encode  each  of  the  examined  AChE  variants.  Common  exons  are 
designated  by  black  boxes,  exon  6  by  a  hatched  box,  and  pseudointron  4  and  exon  5  by  dotted  boxes.  B. 
Hydrolytic  cholinesterase  activities.  ATCh-hydrolyzing  activities  of  each  of  the  enzyme  forms  encoded  by 
the  above  ACHE  constructs  were  tested  in  homogenates  of  microinjected  Xenopus  oocytes.  Presented  are 
average  results  of  3  experiments  for  each  construct.  Endogenous  Xenopus  AChE  activities  were  subtracted 
from  activities  found  for  cDNA  injected  oocytes.  Note  that  AChE-E4  activity  levels  are  comparable  with 
those  of  AChE-E6  and  AChE-I4  and  AChE-E6-IN  displayed  no  significant  catalytic  activity,  C^ 
Electrophoretic  and  activity  properties  of  the  AChE  variants.  Homogenates  of  Xenopus  oocytes 
microinjected  with  each  of  the  ACHE  cDNA  constructs  and  of  buffer  injected  oocytes  (C)  were  subjected  to 
denaturing  gel  electrophoresis  followed  by  protein  blot  and  immunodetection  (above)  and  to  non-denaturing 
gel  electrophoresis  followed  by  AChE  activity  staining  (below).  Each  lane  represents  ca.  50  ng  AChE.  Note 
that  AChE-E6-IN  is  highly  immunoreactive  but  displays  no  catalytic  activity,  and  that  AChE-E4  migrates 
faster  than  the  other  variants  in  the  denaturing  gel.  In  the  lower  panel,  note  that  AChE-I4  displays 
heterogeneous  bands,  and  migrates  faster  than  AChE-E6  and  AChE-E4.  D.  Substrate  inhibition.  The  above 
oocyte  homogenates  were  assayed  for  cholinesterase  activity  in  the  presence  of  0.05-60  mM  ATCh  as 
substrate.  Cholinesterase  activity  in  each  substrate  concentration  is  shown  as  percentage  of  the  highest 
activity  for  each  homogenate,  after  subtraction  of  spontaneous  ATCh  hydrolysis.  Shown  is  one 
representative  of  two  experiments.  Inset:  Km  values  of  the  recombinant  hAChE  variants. 
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rhodamine-  immuno- 
7  hour  8  hour  9  hour  dextran  staining 


Fig.  2.  Neurons  which  express  human  AChE-E6  (+)  and  control  neurons 

(-)  in  Xenopus  cultures.  Xenopus  embryos  were  co-injected  with  AChE-E6  DNA  and  rhodamine- 
dextran  complexes  and  their  spinal  neurons  dissociated  into  culture  1  day  later.  Bright-field  images  were 
taken  at  7,  8,  and  9  h  after  cell  plating.  Both  the  total  neurite  length  and  the  rate  of  neurite  growth  were 
measured  during  this  period.  Fluorescence  micrographs  on  the  right  of  the  9  h  photographs  depict  the 
rhodamine  fluorescence  of  dextran  complexes,  which  were  co-injected  with  the  cDNA.  Indirect  fluorescein 
immunofluorescence  staining  of  AChE,  observed  at  the  end  of  the  experiment  is  shown  on  the  last  right 
panel.  Note  the  correlation  between  dextran  fluorescence  and  AChE  staining.  Staining  and  imaging 
conditions  were  identical  for  all  4  cells,  which  were  from  the  same  culture.  Fluorescent  cells  (+)  were 
positive  with  both  red  and  green  filters,  whereas  negative  (-)  cells  remained  invisible  in  both.  Bar  =  20  |Lim. 
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Fig,  3,  Effects  of 
expressing  human  AChE 
on  the  growth  of 
Xenopus  spinal  neurons. 

Composite  concentric  line  drawings 
were  made  from  video  images  of  12 
isolated  spinal  neurons  at  6,  7,  8 
and  9  h  after  cell  plating.  The  center 
of  the  neuronal  soma  was  placed  in 
the  center  of  each  drawing.  Note 
consistent  overall  neurite  length 
promotion  in  neurons  that  expressed 
AChE-E6,  but  not  AChE-I4. 
Neurons  derived  from  uninjected 
blastomeres  served  as  controls.  Bar 
=  20  |am. 


Fi.g.  4.  AChE-E6  exhibits 
developmentally  increased 
membrane  association  in 
vivo.  Cleaving  Xenopus  embryos 
were  injected  with  the  various  ACHE 
DNA  vectors  or  with  buffer  (C)  and 
sequential  extractions  into  low  salt- 
soluble  (LSS),  low  salt-detergent- 
soluble  (DS),  and  high  salt-soluble 
(HSS)  fractions  were  performed. 
Indogenous  Xenopus  AChE  activities 
were  subtracted  from  activities  of  all 
other  embryo  samples.  Slices, 
therefore,  represent  the  net  relative 
fractions  of  the  total  summed  activities 
for  the  host  enzyme  and  each  hAChE 
varient.  Note  that  AChE-E6  is  similar 
to  Xenopus  AChE  in  its  lower 
solubility  under  low  salt  extraction, 
whereas  AChE-E4  and  AChE-I4  are 
both  predominantly  low  salt-soluble. 
Top,  schemattic  drawings  of  1-,  2-  and 
3-day  old  Xenopus  embryos  modeled 
after  those  of  Deuchar  (1966). 


21 


Fig.  5.  AChE-E6  and  AChE-E4  enhance  NMJ  length,  whereas  AChE-I4  and 
AChE-E6-IN  do  not.  Two  day-old  DNA-injectied  and  control  uninjected  Xenopus  embryos  were 
stained  for  catalytically  active  ACHE  and  examined  by  electron  microscopy.  Representative  images  of  NMJs 
from  embryos  with  each  of  the  vectors  are  shown.  Note  the  enhanced  staining  apparent  as  dark  electron- 
dense  deposits  in  NMJs  from  AChE-E6-,  AChE-Eb-IN-  and  AChE-E4-injeced  embryos  as  compared  with 
controls.  T,  nerve  terminal;  M,  muscle  cell;  arrows  point  to  synaptic  clefts.  Bottom  right  panel,  NMJ 
population  analysis.  Electron  microscope  NMJ  images  (16,  31,  43  and  66  sections  from  AChE-E4-,  -E6- 
IN-,  -14-  and  -E6-inJected  and  55  sections  from  control  uninjected  embryos,  respectively)  were  used  for 
postsynaptic  length  measurements.  The  percentages  of  synapses  with  lengths  shorter  or  longer  than  2.5  jam 
are  presented  for  NMJs  from  embryhos  injected  with  each  vector.  Note  that  expression  of  AChE-E6  and 
AChE-E4  increases  postsynaptic  length  as  compared  with  controls. 
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2.  Enhanced  hemicholinium  binding  and  attenuated  dendrite  branching  in  cognitively 
impaired  ACHE-transgenic  mice 

Introduction 

Animal  models  for  studying  late-onset  disorders  associated  with  cholinergic  deterioration, 
and  most  notably  Alzheimer’s  disease  (AD)  should  display  progressive  deterioration  of 
memory  and  learning,  as  well  as  senile  plaques  and  neurofibrillary  tangles  (Price  et  ah, 
1995),  a  hypofunctional  cholinergic  system  (Bierer  et  ah,  1995),  and  breakdown  in  cortical 
circuitry  related  to  cell  and  synaptic  loss  (Davies  &  Maloney,  1976;  DeKosky  and  Sheff, 
1990;  Terry  et  ah,  1992;  Honer  et  ah,  1992).  Aged,  cognitively-impaired  animal  models 
displayed  the  expected  behavioral,  neuroanatomical,  and/or  neurochemical  changes  in  their 
cholinergic  system  (Bartus  and  Uehara,  1979).  Several  physical  or  pharmacological 
modulations  also  resulted  in  loss  of  cholinergic  synapses  and  impaired  memory  (Fischer  et 
ah,  1989  ;  Zhi  et  ah,  1995).  Subsequent  transgenic  APP  mouse  models  (LaFerla  et  ah, 
1995;  Games  et  ah,  1995;  Moran  et  ah,  1995;  Hsiao  et  ah,  1995,  1996)  demonstrated 
development  of  AP  deposits,  neuritic  plaques,  synaptic  loss  and  late-onset  spatial  memory 
deficits.  However,  in  AD,  amyloid  plaques  and  tangles  are  particularly  concentrated  in 
brain  regions  where  cholinergic  circuits  operate  (Coyle  et  ah,  1983).  Also,  synaptic  loss 
but  not  the  presence  of  amyloid  plaques  or  neurofibrillary  tangles  could  be  convincingly 
correlated  with  cognitive  impairment  in  AD  (Terry  et  ah,  1992).  Yet,  correlation  between 
high  levels  of  P-amyloid  deposits  and  progressive  severity  of  the  cognitive  defect  was  only 
shown  in  part  of  the  above  transgenic  models  (Hsiao  et  ah,  1996) .  Therefore,  it  remained 
unresolved  whether  the  learning  deficits  in  these  mice  were  caused  by,  or  only  correlated 
with  increased  brain  AP  levels  and  amyloid  depositions. 

In  AD,  structural  changes  in  brain  cholinergic  synapses  (DeKosky  and  Scheff,  1990)  are 
associated  with  loss  of  neuronal  nicotinic  binding  sites  (Nordberg  et  ah,  1988X  with  death 
of  ACh-producing  neurons  (Davies  and  Maloney,  1976;  Whitehouse  et  al.,  1986),  and 
with  the  consequent  disruption  of  cholinergic  neurotransmission  (Coyle  et  ah,  1983; 
Fibiger,  1991).  The  resultant  hypocholinergic  condition  is  characterized  by  a  relative  excess 
of  AChE.  To  define  the  contribution  of  cholinergic  malfunction  toward  the  AD  phenotype, 
we  have  recently  used  the  authentic  promoter  from  the  human  ACHE  gene  in  conjunction 
with  the  AChE-coding  sequence  to  create  transgenic  mice  expressing  human  AChE  in  CNS 
neurons.  Manual  use  of  the  Morris  water  maze,  revealed  a  progressively  severe  decline  in 
the  spatial  learning  and  memory  capabilities  of  these  transgenic  mice  (Beeri  et  ah,  1995).  It 
was  therefore  of  interest  to  carefully  dissect  the  learning  and  memory  impairments  in  AChE 
transgenic  mice  and  examine  in  them  which  of  the  morphometric  and/or  biochemical 
correlates  of  AD  can  be  causally  associated  with  cholinergic  malfunction. 

Cortical  neurons  in  normal  aged  humans  may  develop  longer  and  more  branched  dendritic 
trees  than  either  young  adults  or  individuals  with  senile  dementia  (Buell  and  Coleman, 
1981).  Cognitive  deficiencies  are  further  associated  with  dysgenesis  of  dendritic  spines,  on 
which  most  cortical  synapses  reside  (Purpura,  1974;  Braak  and  Braak,  1985).  We 
therefore  wished  to  evaluate  the  state  of  dendrite  arborizations  and  spine  density  in  adult 
transgenic  mice  with  excess  brain  AChE.  Also,  we  explored  the  transport  of  choline,  which 
is  used  by  cholinergic  neurons,  both  for  reforming  metabolized  membrane 
phosphatidylcholine  and  for  synthesizing  the  neurotransmitter  acetylcholine  (ACh).  The 
levels  of  the  high  affinity  NaMependent  choline  transporter  unique  to  these  cells  can  be 
quantified  using  [^H]  hemicholinium-3  (Vickroy  et  al.,  1984).  The  concentration  of 
available  choline  is  the  rate  limiting  factor  for  ACh  synthesis;  when  choline  is  in  short 
supply,  active  cholinergic  neurons  were  reported  to  sustain  neurotransmission  at  the 
expense  of  membrane  building  (Wurtman,  1992).  Indeed,  cerebral  cortical  areas  in  AD 
brains  exhibited  marked  decreases  in  choline  acetyltransferase  (ChAT)  activity  and 
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significant  enhancement  in  [^H]  hemicholinium-3  binding.  In  the  AD  frontal  cortex, 
transporter  overexpression  exceeded  the  level  which  is  needed  to  compensate  for  the  loss  of 
synaptic  terminals,  persumably  accelerating  membrane  turnover  and  neurodegeneration 
(Slotkin  et  al.,  1994). 

Experimental  Results 

In  search  for  behavioral,  neuroanatomical  and  metabolic  characteristics  of  AD  which  may 
result  from  cholinergic  malfunction,  we  employed  transgenic  mice  which  overexpresss 
AChE  mRNA  and  active  enzyme  in  brain  neurons  (Fig.  1).  Mapping  by  in  situ 
hybridization  revealed  similar  distribution  to  transgenic  and  host  AChE  mRNA  (Fig.  2).  In 
a  Morris  water  maze  working  memory  paradigm,  adult  transgenic  mice  did  not  display  the 
characteristic  improvement  found  in  control  mice  either  between  or  within  test  days,  and 
spent  less  time  than  control  mice  in  the  platform  zone  (Fig.  3).  In  5  week-old  transgenic 
mice,  the  basilar  dendritic  trees  of  layer  V  pyramidal  neurons  from  the  fronto-parietal  cortex 
were  essentially  as  developed  as  in  age-matched  controls  (Table  1).  However,  branching 
totally  ceased  after  this  age,  whereas  in  control  adults  it  continued  at  least  up  to  7  months 
(Fig.  4).  Therefore,  dendritic  arbors  became  smaller  in  adult  transgenic  mice  than  those  of 
controls.  Furthermore,  the  average  number  of  spines  was  significantly  lower  on  dendritic 
branches  of  7  month-old,  but  not  5  week-old  transgenics  as  compared  with  controls  (Table 
1).  Binding  of  tritiated  hemicholinium-3,  a  blocker  of  the  high  affinity  choline  uptake 
characteristic  of  active  cholinergic  terminals,  was  over  2-fold  enhanced  in  the  brain  of 
transgenic  mice  (Fig.  5).  In  contrast,  no  differences  were  observed  in  the  mRNA  and 
ligand  binding  levels  for  several  different  subtypes  of  nicotinic  and  muscarinic 
acetylcholine  receptors  (Fig.  6).  These  findings  suggest  that  3  different  hallmarks 
associated  with  Alzheimer’s  disease,  namely,  progressive  cognitive  failure,  cessation  of 
dendrite  branching  and  spine  formation  and  enhanced  high  affinity  choline  uptake  are 
outcomes  of  cholinergic  malfunction. 
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Table  1.  Progressive  deterioration  of  layer  V  pyramidal  neurons  in  AChE- 
transgenic  mice 


Tested  parameters 

5  week 
old  mice 

7  month 
old  mice 

Significance: 

C,T  comparison 

C 

T 

C 

T 

5  weeks  |  7  months 

1 

9/(2) 

[18] 

9/(2) 

[18] 

9/(4) 

[36] 

9/(4) 

[36] 

2 

Cumulative  total  intersections 
/neuron  (Sholl  analysis,  at  150 
[im  from  soma) 

123 

118 

126 

109 

p  <  0.23  p  <  0.01 
(Gaussian  approximation 
of  Wilcoxin  test) 

3 

Effectiveness  of  C,T  pairing 

0.9938 

0.9969 

1 

stained  neurons  analyzed  for 
dendritic  spines/  (animal)  and 
[total] 

7/(2) 

[14] 

7/(2) 

[14] 

9/(4) 

[36] 

9/(4) 

[36] 

5 

Average  number  of  spines  / 
basilar  branch  /  neuron  (±SEM) 

105.7 

±9.63 

99.95 

+7.76 

108.6 

±6.49 

j^i 

6 

difference  between  C,T  means 

5.71±12.37 

18.65±8.90 

7 

variance  comparison  (Mann- 
Whitney  U  value) 

87.50 

444.0 

p  =  0.65  p  =  0.02 
(Mann-Whitney  test, 
two-tailed  P  value) 

1-3  Using  coded  slides,  the  basilar  tree  of  the  noted  number  of  Golgi-stained  neurons  per  brain  in  2  or  4  animals 
per  group  (parentheses)  were  evaluated  for  branching,  using  Sholl  analysis  (method  of  concentric  circles). 
Statistical  analyses  (specified  under  "significance”)  showed  significant  differences  between  the  7  month-  but 
not  5  week-old  controls  and  transgenics  under  highly  significant  pairing  effectiveness, 

4-7  Dendritic  spines  were  counted  along  the  entire  dendritic  branch  of  3-5  branches  per  randomly  selected  9 

neurons  for  each  brain.  Both  total  and  the  average  number  of  spines  were  significantly  different  between  7 
month-  but  not  5  week-old  transgenic  (T)  and  control  (C)  mice. 
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Fig.  1.  AChE 
overexpression  in 
neostriatal  neurons. 

Upper  panels:  AChE 
mRNA.  Presented  are 
paraffin-embedded 
neostriatum  (A,B)  and 
cortical  sections  (C,D)  from 
control  (A,C)  and  transgenic 
(B,D)  mice  following  in  situ 
hybridization  with  a  5’- 
biotinylated  AChE  cRNA 
probe  which  detects  both 
mouse  and  human  ACHE 
mRNA.  Lower  panels: 

Active  AChE.  Presented  are 
floating  vibratome  sections 
cytochemically  stained  for 
acetylthiocholine  hydrolysis 
(E  =  control,  F  =  transgenic). 
Because  of  the  different 
treatments  involved  in  these 
two  procedures,  the  neurons 
appear  somewhat  shrunken 
in  the  pai'affm  -embedded 
sections.  Judging  by  the 
heavier  staining  in  neurons 
from  transgenic  mice  as 
compared  to  controls,  both 
cell  bodies  and  apical 
processes  of  neostriatal 
neurons  contain  both  the 
human  mRNA  and  its 
human  enzyme  product.  Size 
bar:  10  jim.  Sites  of  heavy 
staining  in  neuronal 
processes  are  denoted  by  thin 
arrowheads  and  in  cell  bodies 
by  thick  arrowheads. 
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Speed  (m/sec)  Latency  (sec) 


Fig.  2.  Transgenic  Human  AChEmRNA  is  co-expressed  with  host 
mouse  AChEmRNA.  In  situ  hybridization  of  the  murine  and  human  AChE  mRNA  in  control 
(C)  and  transgenic  mice  (T).  Note  the  small  dots  in  the  striatum  of  the  sections  hybridized  with  the 
probe  for  the  endogenous  AChE  which  represent  the  striatal  cholinergic  inter 


Fig.  3.  Impaired  performance  of 
adult  transgenic  mice  in  a  working 
memory  procedure  in  the  water 
maze.  Improved  mean  (+/-SEM)  latency  to 
reach  the  platform  in  trial  1  in  control  (n=19,  panel 
A)  as  compared  with  transgenic  mice  (n=l  1,  panel 
C)  indicate  changes  in  reference  memory.  Improved 
performance  in  trial  2  vs.  trial  1  indicate  changes  in 
working  memory.  Panels  B,D  present  somewhat 


lower  swimming  speed  in  transgenic  as  compared  to  control  mice.  Panels  E  and  F:  Percent  time  spent 


in  middle  and  outer  concentric  zones  suggest  impaired  search  strategy  of  transgenic  mice.  *,  p<0.05 


transgenic  vs.  control,  #,  p<0.05  trial  1  vs.  trial  2. 
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Fig,  4.  Attenuated 
dendritic  branching 
and  spine  loss  in 
layer  V  pyramidal 
neurons  from  fronto¬ 
parietal  cortex  of 
transgenic  mice.  A. 
Shown  are  representative 
Golgi-stained  preparations 
from  7  month-old  brains  of 
transgenic  (top  panel)  and 
control  (bottom  panel)  mice. 

B.  Camera  lucida  tracings  of 
the  basilar  tree  of  Golgi- 
stained  pyramidal  neurons 
from  the  fronto-parietal  cortex 
of  5-week-old  and  7  month-old 
transgenic  and  control  brains. 

C,  Shown  are  graphical 
presentations  of  data  from 
Sholl  analyses.  Presented  are 
numbers  of  dendritic  branches 
intersecting  with  a  series  of 
concentric  circles  of  increasing 
diameter  as  a  function  of  their 
distance  from  the  cell  body. 
Numbers  of  intersections  are 
expressed  as  a  cumulative 
total.  See  text  and  Table  1  for 

details.  D.  Shown  are  representative  high  magnification  photographs  of  dendritic  branches  from  5  week-  and 
7  month-old  transgenic  and  control  mice.  Note  the  reduction  in  spines  (arrowheads)  on  the  transgenic 
dendrites. 


4  weeks  11  months 


Fig.  5.  Enhanced  [^H]-hemicholinium-3 
binding  in  transgenic  neostriatum. 

Autoradiography  followed  by  image  analysis.  Increased  binding 
of  [‘^H]-hemicholinium-3  to  the  neostriatum  of  4  week  (left)-  and 
12  month-old  (right)  of  normal  mice  (top,  C)  as  compared  with 
transgenics  (bottom,  T).  Presented  are  brain  sections  following  2 
weeks  exposure,  indicating  increased  choline  transport  in  these 
brain  regions.  B.  Quantification  of  r''H1-hemicholinium  binding. 
Presented  is  one  typical  autoradiography  experiment  out  of  four, 
n=2  animals.  For  each  animal,  the  image  of  two  to  six  sections 
were  digitized  (at  the  neostriatum  level,  between  level  21  and  30 
of  Franklin  and  Paxinos,  1997)  and  the  mean  gray  value  of  the 
two  hemistriatums  were  recorded.  Data  are  expressed  in 
absorbance  (-1-/-  SEM). 
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Fig*  6.  Similar  binding  capacities  to  AChR  subtypes  in  transgenic 
neostriatum.  A.  [^H]-pirenzepine  (Ml  receptors),  ['^H]-AF-DX-384  (M2  receptors)  and  ['^H]>cytisine 
(heteromeric  nAChR)  binding  at  the  level  of  striatum  of  control  (C)  and  transgenic  (T)  mice.  Drawing:  level 
15  (Swanson,  1992).  R  [-^HJ-pirenzepine  (Ml  receptors),  [''H]-AF’DX-384  (M2  receptors)  and  [^H]-cytisine 
(heteromeric  nAChR)  binding  and  in  situ  hybridization  of  nAChR  al  mRNA  at  the  level  of  mesencephalon 
of  control  (C)  mice  and  transgenic  (T)  mice.  Drawing:  level  39  (Swanson,  1992). 
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C.  The  increase  of  specific  catalytic  activity  of  AChE  in  response  to 
phosphorylation 

Introduction 

Acetylcholinesterase  (acetylcholine  acetyl  hydrolase,  EC  3. 1.1. 7,  AChE)  is  a  key 
component  of  cholinergic  brain  synapses  and  neuromuscular  junctions,  in  which  it 
hydrolyzes  the  neurotransmitter  acetylcholine  (Taylor,  1990,  Soreq  &  Zakut,  1993).  In 
addition  to  terminating  cholinergic  neurotransmission,  it  may  have  non-catalytic  function(s) 
in  cellular  development  (Greenfield,  1984,  Layer  and  Willbold,  1995;  Small  et  al.,  1995; 
Karpel  et  al.,  1996).  This  may  explain  its  presence  on  the  surface  of  erythrocytes  and  in 
embryonic  tissues  (Massoulie  et  al.,  1993).  The  central  role  of  AChE  in  cholinergic 
neurotransmission  is  demonstrated  by  the  fact  that  it  is  the  target  of  a  variety  of  toxic 
compounds,  both  natural  and  man-made.  For  example,  several  natural  compounds  inhibit 
the  catalytic  activity  of  cholinesterases  including  glycoalkaloids,  which  are  found  in 
solanaceous  food  plants  such  as  potatoes  (Neville  et  al.,  1992),  the  snake  venom  protein 
inhibitor  fasciculin  (Bourne  et  al.,  1995,  Harel  et  al.,  1995)  and  cyanobacterial  toxins 
(Hyde  and  Carmichael,  1991).  Chemical  warfare  agents  (e.  g.,  sarin  and  tabun)  and 
organophosphate  insecticides  (e.  g.  malathion)  also  are  designed  to  inhibit  AChE  (Taylor, 
1990).  In  addition,  AChE  is  a  target  of  several  pharmacological  agents  that  are  designed  to 
enhance  cholinergic  neurotransmission  in  the  treatment  of  disorders  associated  with 
cholinergic  imbalance,  such  as  Alzheimer’s  disease  and  myasthenia  gravis  (Schwarz  et  al., 
1995;  Loewenstein-Lichtenstein  et  al.,  1996).  The  widespread  presence  of  both  natural  and 
man-made  anti-AChE  compounds  (Millard  and  Broomfield,  1995)  raises  the  question  if 
natural  mechanisms  exist  that  enable  this  enzyme  to  function  under  diverse  conditions. 

The  crucial  role  of  AChE  in  cholinergic  neurotransmission  implies  that  to  be 
physiologically  relevant,  adjustments  in  its  activity  in  response  to  fluctuating  physiological 
conditions  should  occur  within  a  very  short  time  scale.  This  excludes  regulation  at  the 
levels  of  gene  expression,  multimeric  assembly  and  intracellular  targeting,  none  of  which 
offers  a  sufficiently  rapid  response.  AChE  is  present  in  various  glycosylated  forms  (Meflah 
et  al.,  1984),  but  the  carbohydrate  moiety  does  not  contribute  to  catalytic  activity  (Fischer  et 
al.,  1993,  Velan  et  al.,  1993).  Allosteric  modulation  and  substrate  inhibition  of  AChE  have 
also  been  reported  (Changeux,  1966,  Barak  et  al.,  1995),  but  no  physiologically  significant 
scheme  for  controlling  AChE  activity  has  been  demonstrated.  As  phosphorylation  is  the 
most  frequently  seen  post-translational  mechanism  of  control  of  physiological  processes, 
and  since  the  human  AChE  amino  acid  sequence  (Soreq  and  Zakut,  1993)  reveals  several 
consensus  phosphorylation  sites,  we  have  investigated  phosphorylation  as  a  mechanism  of 
control  of  AChE  activity. 

Experimental  Results 

We  have  found  that  the  catalytic  subunit  of  c AMP-dependent  protein  kinase  (PKA)  but  not 
casein  kinase  II  or  protein  kinase  C  phosphorylates  recombinant  human  AChE  in  vitro 
(Fig.  1).  This  enhances  acetylthiocholine  hydrolysis  up  to  10-fold  as  compared  to  untreated 
AChE  (Tables  1),  while  leaving  unaffected  the  enzyme’s  affinity  for  this  substrate  and  for 
various  active  and  peripheral  site  inhibitors  (Tables  2,  3).  Alkaline  phosphatase  treatment 
enhanced  the  electrophoretic  migration,  under  denaturing  conditions,  of  part  of  the  AChE 
proteins  isolated  from  various  mammalian  sources  and  raised  the  isoelectric  point  of  some 
of  the  treated  AChE  molecules  (Fig.  2),  indicating  that  a  fraction  of  the  AChE  molecules  are 
also  phosphorylated  in  vivo.  Enhancement  of  acetylthiocholine  hydrolysis  also  occurred 
with  Torpedo  AChE,  which  has  no  consensus  motif  for  PKA  phosphorylation.  Further, 
mutation  of  the  single  PKA  site  in  human  AChE  (threonine  249)  did  not  prevent  this 
enhancement  (Table  3),  suggesting  that  in  both  cases  it  was  due  to  phosphorylation  at  non¬ 
consensus  sites  (Fig.  3).  In  vivo  suppression  of  the  acetylcholine-hydrolyzing  activity  of 
AChE  and  consequent  impairment  in  cholinergic  neurotransmission  occur  under  exposure 
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to  both  natural  and  pharmacological  compounds,  including  organophosphate  and  carbamate 
insecticides  and  chemical  warfare  agents  (Fig.  4).  Phosphorylation  of  AChE  may  possibly 
offer  a  rapid  feedback  mechanism  that  can  compensate  for  impairments  in  cholinergic 
neurotransmission,  modulating  the  hydrolytic  activity  of  this  enzyme  and  enabling 
acetylcholine  hydrolysis  to  proceed  under  such  challenges. 


Table  1.  Effect  of  protein  kinase  A  on  the  activity  of  cholinesterases  from  various 
sources" 


AChE 

recombinant  human,  from  293  cells 
recombinant  human,  from  E.  coli 
human  erythrocyte 
human  brain 
Torpedo  electroplax 
COS  cells  transfected  with  normal  E6- 
ACHEDNA 

COS  cells  transfected  with  T249A  E6-ACHEDNA 
BuChE 

human  serum 


catalytic  activity 
(|a,moiymin/ml) 

-  kinase  +  kinase 


8.3 

76.9 

0.3 

2.4 

3.2 

12.8 

4.5 

11.3 

4.2 

17.7 

0.9 

1.8 

1.0 

2.2 

1.1 

1.2 

+kinase 

PKA 

-  kinase 

consen 
sus  site 

9.3 

+ 

8.0 

+ 

4.0 

+ 

2.5 

+ 

4.2 

- 

2.0 

+ 

2.2 

- 

1.1 

+ 

^The  data  represent  one  out  of  three  reproducible  experiments  with  standard  deviations  below  30%.  For  BuChE 
activity  determinations,  5  mM  butyrylthiocholine  was  used  as  a  substrate.  All  enzyme  preparations  were  highly 
purified  except  that  for  Torpedo,  which  was  partially  purified  and  for  those  for  COS  cells,  which  were  tested  in 
conditioned  medium  from  transfected  cells  with  no  further  purification.  The  presence  (+)  or  absence  (-)  of  a  PKA 
phosphorylation  consensus  site  on  each  of  the  examined  sequences  is  noted. 

Table  2.  Kinetic  constants  of  human  acetylcholinesterase  purified  from 
embryonic  kidney  293  cells. 


-  kinase 

+  kinase 

Km  (uM) 

50 

50 

Ki  values  (uM) 

tacrine 

0.007 

0.006 

fasciculin  02 

0.0002 

0.0003 

BW284c51 

0.3 

0.3 

IC50  (uM) 

physostigmine 

0.01 

0.01 

echothiophate 

0.01 

0.01 
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Table  3.  Abolition  of  the  PKA  consensus  site  does  not  modify  AChE 
properties. 


E6-ACHEDNA-transfected“  T249A  Ee-ACHEDNA-transfected” 


Ki  values  (mM) 

succinylcholine  290  290 

dibucaine  720  730 

BW284c51  0.007  0.007 

tacrine  0.058  0.072 

fasciculin  02  0.000,000,1  0.000,000,1 

fasciculin  03  0.000,000,2  0.000,000,2 

IC50  value  (mM) 

pyridostigmine  0.50  0.55 


^COS  cells  were  transfected  with  E6-ACHEDNA  and  the  biochemical  properties  of  AChE  secreted  into  the 
medium  were  determined  as  in  Tables  1  and  2. 

*^Site-directed  mutagenesis  was  employed  to  create  the  T249A  mutant  enzyme.  Tests  were  similar  to  those 
for  the  non-mutated  enzyme. 


Fig.  1.  In  vitro  phosphorylation  of  AChEs.  Phosphorylation  reactions  were  performed  on 
5  }J.g  purified  recombinant  AChE  expressed  in  293  kidney  cells  (hAChE  (293)),  2  |Llg  purified  recombinant 
AChE  expressed  in  E.  coli  (h  (E.  coli)),  5,  3  and  5  |ag  of  native  AChE  purified  from  human  red  blood  cells 
(hRBC),  human  brain  (hbrain)  and  bovine  red  blood  cells  (bRBC)  respectively  and  5  jig  histone  (HI).  One 
fifth  of  each  of  the  phosphorylation  reactions,  was  separated  by  SDS-PAGE  followed  by  either  protein 
staining  with  Coomassie  brilliant  blue  (CBB)  or  by  48  h  autoradiography  ("^^^P).  An  incubation  without 
PKA  served  as  a  control  (C).  Numbers  on  both  sides  of  the  figure  indicate  molecular  weight  in  kD. 
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Fig.  2.  Dephosphorylation  of 
AChE  modifies  its 
electrophoretic  and  isoelectric 
properties.  A.  Alkaline  phosphatase 
enhances  the  electrophoretic  migration  of 
AChE.  Alkaline  phosphatase  (AP)  treated 
and  control  untreated  (C)  recombinant 
human  AChE  from  293  cells  (293,  3  jag), 
from  human  red  blood  cells  (hRBC,  5  jig) 
or  human  AChE  produced  in  E,  coli  (E. 
coli,  3  |Lig)  were  electrophoretically  separated 
under  denaturing  conditions  and 
immunochemically  detected.  The  arrow 
indicates  the  position  of  that  fraction  of 
these  proteins  that  migrated  faster  after 
dephosphorylation.  B.  Alkaline  phosphatase 
induces  the  appearance  of  a  novel  AChE 
subtype  with  high  isoelectric  point.  3  |ig 
hAChE  (293)  in  a  final  volume  of  20  jxl 
was  treated  either  with  PKA  or  with  AP  and 
was  subjected  to  isoelectric  focusing  gel 
electrophoresis  followed  by  activity  staining 
of  the  gels.  Similarly  treated  AChEs  served 
as  a  control  (C).  The  arrow  indicates  an 
additional  band  at  a  higher  isoelectric  point, 
which  could  be  observed  only  after  AP 
treatment. 
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S355 


T466 


T249 


Fig.  3.  Serine  and  threonine  residues  on  the  three  dimensional  models  of 
AChE.  Consensus  motifs  for  various  kinases.  Superimposition  of  Torpedo  (yellow)  and  mouse 
(magenta)  AChEs  according  to  their  Ca  atoms.  Amino  acid  numbers  are  as  in  the  human  sequence.  Active 
site  serine  (203)  is  displayed  as  a  turquoise  sphere,  the  PKA  consensus  site  R/KXXT/S  (beginning  with 
arginine  or  lysine  and  ending  with  threonine  or  serine)  threonine  (249)  in  violet,  the  casein  kinase  II 
consensus  sites  S128,  S355  and  T466  in  gray  and  the  protein  kinase  C  consensus  site  T1 1  (A1 1  in  mouse) 
in  green,  B.  Surface-exposed  serine  and  threonine  residues.  Active  site  serine  203  is  displayed  as  a  turquoise 
sphere  together  with  those  serine  and  threonine  residues  which  were  calculated  to  be  exposed  at  the  surface 
of  the  Torpedo  AChE  protein. 
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Fig.  4.  PKA 

phosphorylation  enhances 
AChE  catalysis  under 
exposure  to  various 

inhibitors.  Human  recombinant 
AChE  purified  from  293  cells  was 
subjected  to  PKA  phosphorylation  with 
a  PKA:AChE  ratio  adjusted  in  order  to 
maintain  AChE  concentrations 
appropriate  for  inhibition 
measurements.  Presented  are  enzyme 
activities  in  the  presence  of  increasing 
concentrations  of  the  noted  inhibitors  at 
1  mM  ATCh.  Each  curve  is  an  average 
best-fit  result  of  2  experiments.  The 
crystal  structure  of  fasciculin  is  after 
Bourne  et  al.  (1995).  Filled  circles, 
PKA-treated  enzyme;  empty  circles, 
untreated  enzyme. 
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D.  The  physiological  basis  of  the  paradoxical  appearance  of  CNS 

symptoms  in  response  to  pyridostigmine,  a  peripherally  acting  AChE 
inhibitor 

Introduction 

Pyridostigmine,  a  carbamate  AChE  inhibitor,  is  routinely  employed  in  the  treatment  of  the 
autoimmune  disease  myasthenia  gravis  and  was  recommended  by  most  western  armies  for 
use  as  pretreatment  under  threat  of  chemical  warfare,  because  of  its  protective  effect  against 
organophosphate  poisoning.  Due  to  this  drug’s  quaternary  ammonium  group,  which 
prevents  its  penetration  through  the  blood-brain  barrier  (BBB),  the  symptoms  associated 
with  its  routine  use  reflect  perturbations  primarily  in  peripheral  nervous  system  functions. 
Unexpectedly,  under  a  similar  regimen,  pyridostigmine  administration  during  the  Gulf  War 
resulted  in  an  >3  fold  increase  in  the  frequency  of  reported  central  nervous  system 
symptoms.  This  was  not  due  do  enhanced  absorption  (or  decreased  elimination)  of  the  drug 
because  the  inhibition  efficacy  of  serum  BuChE  was  not  altered.  Since  previous  animal 
studies  have  shown  stress-induced  disruption  of  the  BBB,  an  alternative  possibility  was 
that  the  stress  situation  associated  with  the  battlefield  allowed  pyridostigmine  penetration 
into  the  brain. 

Experimental  Results 

We  have  found  that  following  a  forced  swim  protocol,  shown  previously  to  produce  stress, 
an  increase  in  BBB  permeability  reduces  by  >100  fold  the  pyridostigmine  dose  required  to 
inhibit  mouse  brain  AChE  activity  by  50%  (Figs.  1,2).  Under  these  conditions, 
peripherally  administered  pyridostigmine  increased  the  brain  levels  of  c-fos  oncogene  and 
AChE  mRNAs.  Moreover,  in  vitro  exposure  to  pyridostigmine  increased  both  electrical 
excitability  and  c-fos  mRNA  levels  in  brain  slices  (Fig.  3),  demonstrating  that  the  observed 
changes  could  be  directly  induced  by  pyridostigmine.  These  findings  suggest  that 
peripherally  acting  drugs  administered  under  stress  may  reach  the  brain  and  affect  centrally 
controlled  functions. 


Fig.  1.  Pyridostigmine  effects  in 
humans  during  peace  and  war  and  in 
non-stressed  and  stressed  rodents.  Left 
panels  rhumans^.  Results  of  a  double  blind,  placebo- 
controlled  study  (extension  of  Glickson  et  al.,  1991) 
(dashed  bars,  ’’peace").  Pyridostigmine  (n=18)  or  placebo 
(n=17)  were  administered  to  healthy  young  male 
volunteers.  Symptoms  were  reported  at  the  end  of  the 
study.  Presented  are  ranges  (%)  of  soldiers  reporting 
pyridostigmine-induced  symptoms  related  to  CNS  (top) 
or  PNS  (bottom  panel).  During  the  Gulf  War  213  male 
soldiers  aged  18-22  years  were  questioned  24  hours  after 
initiation  of  pyridostigmine  treatment  (filled  bars).  Mean  values  for  human  data  are  marked  by  horizontal 
lines  across  the  relevant  bars.  Right  panels  Trodentsk  summary  of  measured  brain  AChE  inhibition  (top) 
and  serum  BuChE  inhibition  in  mice  (bottom)  10  min  following  injection  of  0.1  mg/kg  pyridostigmine  in 
non-stressed  (control,  n=4),  and  stressed  (n=5)  mice.  Percent  inhibition  ±  standard  deviation  was  calculated 
in  comparison  to  the  average  activity  calculated  in  non-injected,  non-stressed  (n=l2)  and  stressed  (n=6) 
animals. 
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Drug  cone.,  M  Dose,  mg/kg  Dose,  mg/kg 


PCR  cycle  PCR  cycle 


Fig.  2.  Stress  intensifies  AChE  inhibition  by  pyridostigmine  due  to  increased 
brain  penetration.  A:  AChE  inhibition  in  brain  homogenates.  Acetylthiocholine  hydrolysis  was  measured 
following  addition  of  increasing  concentrations  of  pyridostigmine  (filled  squares)  or  physostigmine  (empty  circles) 
to  brain  homogenates  from  control  animals.  Presented  are  percent  remaining  activities  as  compared  with  those  of 
brain  homogenates  with  no  added  drug.  B:  Inhibiting  brain  AChE  activity  by  drug  injection.  Percent  of  normal 
specific  cortical  AChE  activity  was  measured  in  brain  homogenates  prepared  from  non-stressed  animals  sacrificed 
10  min  following  injection  of  the  noted  doses  of  physostigmine  (n=9)  or  pyridostigmine  (n=l  1).  Presented  are 
percent  remaining  activities  as  compared  with  those  of  brain  homogenates  from  non-stressed,  0.9%  NaCl  injected 
animals  (n=12).  C:  Pyridostigmine  inhibition  of  brain  AChE  following  stress.  Swim  forced  test  was  followed  10 
min  later  by  injection  of  either  0. 1  mg/kg  pyridostigmine  (n=8),  or  physostigmine  (n=5).  AChE  activity 
measurements  were  as  under  B.  Presented  are  percent  remaining  activities  as  compared  with  those  of  brain 
homogenates  from  similarly  stressed,  0.9%  NaCl  injected  animals  (n=6).  D:  BBB  permeability  following  stress. 
Shown  are  representative  brains  dissected  from  anaesthetized  animals,  10  min  following  intracardial  injection  of 
Evan’s  blue,  control:  non-stressed  animal,  stress:  10  min.  following  stress  session.  E:  Plasmid  DNA  penetration 
to  the  brain  under  stress.  Control  and  stressed  animals  were  injected  Lp.  with  CMVACHE^  plasmid.  Proteinase  K- 
treated  brain  homogenates  were  subjected  to  PCR  amplification  using  a  set  of  CMV-promoter  forward  primer  and 
an  ACHE  reverse  primer.  PCR  product  samples  were  withdrawn  every  third  cycle,  which  allows  for  8-fold 
increases  between  samples.  CMVACHE  DNA  was  detected  starting  from  cyele  21  in  the  brain  of  4  out  of  4 
stressed  animals.  The  PCR  products  from  brain  of  control  animals  were  considerably  weaker  and  appeared  only  on 
cycle  24,  indicating  at  least  8-fold  less  plasmid  DNA  in  control  brains  as  compared  to  stressed  ones.  In  2  out  of  5 
control  animals  no  PCR  product  was  detected.  F:  Kinetics  of  brain  c-fos  cDNA  accumulation  during  RT-PCR 
amplification.  Total  RNA  from  mouse  hippocampus  was  extracted  using  RNAclean  (AGS,  Heidelberg,  Germany), 
its  integrity  verified  by  gel  electrophoresis  (evaluation  of  2.0  ratio  between  28  S  and  18  S  ribosomal  RNA)  and  its 
quantity  and  purity  from  protein  contamination  evaluated  by  a  A260/A280  ratio  of  1. 8-2.0.  c-fos  cDNA  was 
amplified  following  reverse  transcription  of  equal  amounts  of  total  RNA  samples  from  the  brain  of  control  or 
stressed  animals.  Kinetic  follow-up  of  product  accumulation  was  carried  out  as  under  E.  The  earlier  appearance  of 
amplified  c-fos  cDNA,  20  min  following  stress  session  as  compared  to  control,  indicates  a  significant  increase  in 
the  amount  of  c-fos  mRNA  under  stress. 
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AChE 

b 


mRNA  in  vivo 


Fig.  3.  Pyridostigmine  enhances 
neuronal  excitability  and  increases 
oncogene  mRNA  levels.  A:.  The  kinetics  of 
brain  c-fos  and  AChE  mRNA  accumulation  during  RT- 
PCR  amplification.  RNA  was  extracted  and  reverse 
transcribed  as  under  Fig.  1.  The  earlier  appearance  of  the 
amplified  PCR  product  20  min.  following  injection  of 
2  mg/kg  pyridostigmine  (+)  as  compared  to  0.9%  NaCl 
(-)  indicates  an  increase  in  the  amount  of  c-fos  (upper 
panel)  and  AChE  mRNA  (lower  panel)  under 
pyridostigmine  exposure.  B:  Extracellular  evoked 
potentials.  Cortico-hippocampal  slices  (400  |im  thick) 
were  cut  using  a  vibratome  and  were  placed  in  a 
humidified  holding  chamber,  continuously  perfused  with 
oxygenated  (95%  O2,  5%  CO2)  artificial  cerebrospinal 
fluid  (aCSF)*^.  Schaffer  collateral  fibers  were  stimulated 
with  a  bipolar  tungsten  stimulating  electrode  and 
extracellular  evoked  potentials  were  recorded  in  the  cell- 
body  layer  of  the  CAl  area  of  the  hippocampus.  Single 
response  to  supramaximal  stimulus  intensity  (1.5  times 
stimulus  the  intensity  of  which  caused  maximal 
response)  is  drawn  before  (-)  and  30  min  following  (-1-) 
addition  of  pyridostigmine  (1  mM)  to  the  perfusing 
solution. 
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E.  AS-ODN  suppression  of  ACHE  expression  in  cultured  cells. 
Introduction 

Currently  approved  drugs  for  the  treatment  of  Alzheimer's  disease  patients  are  designed  to 
suppress  the  catalytic  activity  of  the  acetylcholine  hydrolyzing  enzyme  acetylcholinesterase 
(acetylcholine  acetylhydrolase,  EC  3. 1.1.7,  AChE)  (Knapp  et  al,  1994).  This  is  aimed  to 
augment  cholinergic  neurotransmission,  which  is  impaired  in  such  patients  due  to  a 
selective  loss  of  cholinergic  neurons.  However,  such  inhibitors  do  not  reduce  the  amount 
of  the  AChE  protein.  Also,  there  are  recent  reports  of  actions  of  AChE,  unrelated  to  its 
catalytic  activity,  in  process  extension  (Small  et  al.,  1995,  Layer  et  al.',  1995,  Jones  et  al., 
1995;  Darboux  etai,  1996;  Sternfeld  etal,  1997)  and  amyloid  fibril  formation  (Inestrosa 
et  al.,  1996).  Therefore,  in  order  to  reduce  levels  of  the  protein  itself,  it  is  important  to 
develop  antisense  oligodeoxynucleotides  (AS-ODN)  targeted  against  ACHErnRNA 
(Grifman  et  al.,  1997).  By  preventing  the  production  of  AChE,  anti-ACHE  ODNs  would 
exert  two  functions;  suppression  of  protein  levels  and  reduction  of  enzyme  activity.  To 
achieve  this  goal,  the  AS-ODNs  in  question  should  be  non-toxic,  highly  selective  for  the 
ACHE  gene,  operate  in  a  sequence-dependent  manner  and  exert  their  suppression  activity 
on  fully  differentiated  neurons. 

The  mammalian  ACHE  gene  is  transcribed  and  processed  into  3  alternatively  spliced 
mRNAs  (Li  et  al.,  1990;  Legay  et  al.,  1993;  Karpel  et  al.,  1994).  The  mature  transcript 
most  abundant  in  brain  is  the  one  in  which  exon  4  is  spliced  to  exon  6  (E6),  whereas  the 
isoform  in  which  exon  4  is  spliced  to  exon  5  (E5)  is  found  mainly  in  cells  of  hematopoietic 
lineages.  A  third  transcript,  in  which  pseudointron  4  (14)  is  not  excised,  was  detected  by 
means  of  RT-PCR  (Karpel  et  al,  1994,  1996)  but  its  protein  product  has  not  yet  been 
identified.  We  have  previously  shown  that  AS-ODNs  can  suppress  ACHErnRNA  levels  in 
cultured  primary  hematopoietic  cells  (Soreq  et  al,  1994),  in  bone  marrow  in  vivo  (Lev- 
Lehman  et  al,  1994)  and  in  cultured  murine  whole-brain  primary  neurons  (Grifman  et  al, 
1997).  However,  these  earlier  studies  did  not  include  a  methodical  search  for  the  most 
effective  AS-ODN,  were  not  performed  in  well-defined  neurons  and  did  not  fully  address 
the  issue  of  neurotoxicity.  Therefore,  we  have  now  designed  7  AS-ODNs  which  are 
directed  against  different  sites  along  the  various  alternative  mammalian  ACHErnRNA 
chains.  The  capacity  of  these  AS-ODNs  to  suppress  AChE  activity  was  tested  in  the  rat 
neuroendocrine  phaeochromocytoma  cell  line  PC12  (Greene  and  Tischler,  1976).  Several 
studies  have  used  PC  12  cells  as  an  experimental  model  for  AS-ODN-induced  inhibition  of 
gene  expression  (e.g.;  Majocha  et  al,  1994;  Johannes  et  al,  1994;  Yamada  et  al,  1996). 
Moreover,  some  of  these  studies  were  specifically  aimed  at  suppression  of  expression  of 
proteins  which  are  altered  in  Alzheimer’s  disease  patients,  e.g.  the  microtubule-associated 
protein  tau  (Hanemaaijer  and  Ginzburg,  1991)  and  the  amyloid  plaque  precursor  protein 
(Majocha  et  al,  1994).  Nerve  growth  factor  (NGF)  treatment  was  shown,  in  several 
studies,  to  arrest  the  proliferation  of  PC  12  cells,  change  their  gene  expression  pattern  (Lee 
et  al.,  1995)  and  induce  their  differentiation  toward  a  cholinergic  phenotype  with  increased 
AChE  activity  and  neurite-like  processes  (Greene  and  Tischler,  1976;  Tao-Chang  et  al, 
1995).  Therefore,  NGF-pre-treated  PC  12  cells  may  be  expected  to  differ  significantly  from 
non-treated  ones  in  their  membrane  properties,  cytoarchitecture  and  levels  of 
ACHErnRNA.  Since  such  changes  can  potentially  alter  the  effectiveness  of  AS-ODNs,  we 
tested  the  series  of  AS-ACHE  ODNs  on  PC12  cells  before,  during  and  after  induction  of 
differentiation  by  NGF.  To  evaluate  the  number  of  cells  in  our  microtiter  plate  assay,  we 
determined  the  content  of  free  thiol  groups  in  the  cultured  cell  preparations  and  correlated 
this  with  cell  count. 

Our  findings  demonstrate  limited  susceptibility  of  non-differentiated  PC  12  cells  to  AS- 
ODN  inhibition  of  ACHE  gene  expression  as  compared  with  up  to  36%  suppression  of 
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AChE  catalytic  activity  following  24  h  incubation  with  no  signs  of  neurotoxicity  in  NGF- 
treated  PC  12  cells.  This  model  system  therefore  emerges  as  a  viable  alternative  approach  to 
the  development  of  means  for  the  simultaneous  suppression  of  AChE  activity  and  protein 
level  in  neurodegenerative  diseases  associated  with  a  relative  excess  of  AChE. 

The  only  currently  approved  drugs  for  Alzheimer’s  disease  (AD)  are  potent  blockers  of  AChE 
activity.  However,  the  above  lines  of  evidence  point  to  novel,  non-catalytic  morphogenic  properties 
of  AChE.  This  calls  for  the  development  of  alternative  approaches  in  which  both  AChE  protein 
synthesis  and  enzymatic  activity  would  be  suppressed,  such  as  the  antisense”  technology.  To  this 
end,  we  have  begun  to  design  synthetic  3’-phosphorothioated  oligonucleotides  (AS-ODNs)  targeted 
towards  AChEmRNA  and  to  test  their  AChE  suppression  efficacy  in  the  rat  neuroendocrine 
pheochromocytoma  cell  line,  PC  12.  This  approach  is  outlined  in  Scheme  1.  Several  brain  proteins 
have  already  been  targeted  by  antisense  oligonucleotides  (Table  1). 

Table  1.  Recent  brain-expressed  targets  of  AS-ODN  studies. 


protein  product  of 
target  gene 

modulated  behavioral 
function 

reference 

1 

corticotropin-releasing 

hormone 

attenuation  of  social-defeat  induced 
anxiety  in  rats 

Sakai  et  ah,  1994 

2 

c-fos 

suppression  of  anxiety;  generation 
of  apomorphine-  and  amphetamine- 
induced  behavior 

Hooper  et  al.,  1994;  Molle: 
et  ah,  1994;  Dragunow 
et  al,  1993 

3 

VI  vasopressin 
receptor 

suppression  of  social  discrimination 
ability  and  anxiety 

Landgraf  et  ah,  1995 

4 

5-HT6  receptor 

enhanced  cholinergic  neuro¬ 
transmission;  yawning,  stretching 

Bourson  et  al,  1995 

5 

galanin 

reduced  fat  ingestion 

Akabayashi  et  al,  1994 

6 

XCS-endorphin 

suppressed  response  to  novel 
environment 

Spampinato  et  ah,  1994 

7 

neuropeptide  Y 

suppression  of  appetite 

Akabayashi  et  al,  1994 

8 

D2  dopamine 

suppression  of  cocaine  response; 

Silvia  et  al,  1994;  Zhou  et 

receptor 

suppression  of  quinpirole  response 

ah,  1994 
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Scheme  1.  Target  sites  for 
antisense  oligonucleotide 
interactions  with  ACHEmRNA. 
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Conclusions 


The  long-term  objective  of  our  research  is  to  understand  the  molecular  and  cellular 
mechanisms  that  govern  those  neurotransmission  processes  which  involve  the  hydrolysis 
of  ACh  (cholinergic  neurotransmission).  Intricately  concerted  processes  are  known  to 
mediate  the  coupling  of  short-term  variations  in  cholinergic  neurotransmission  to 
corresponding  long-term  changes  in  motor,  cognitive  and  autonomous  functions. 

However,  the  pathways  through  which  cholinergic  inputs  control  neuronal  and  synaptic 
cytoarchitecture  and  determine  changes  in  the  functioning  of  downstream-regulated  genes 
and  complex  vertebrate  responses  are  as  yet  obscure.  To  address  these  issues,  we  have 
developed  and  used  experimental  tools  which  enable  the  modulation  of  cholinergic 
neurotransmission  through  targeted  gain  and  loss  of  function  of  cholinesterases,  the 
enzymes  responsible  for  termination  of  cholinergic  neurotransmission.  This  goal  has  been 
approached  by  steps,  most  of  which  have  since  been  interwoven  into  an  integrated  research 
effort. 

Transgenic  overexpression  of  human  AChE  was  initiated  in  developing  Xenopus  tadpoles, 
where  the  synaptic  form  of  this  enzyme  enhanced  the  formation  of  neuromuscular 
junctions.  3'-Alternative  spicing  of  AChEmRNA  transcripts  was  subsequently  shown  to 
dictate  synaptic  and  epidermal  accumulation  of  specific  AChE  isoforms  in  microinjected 
Xenopus  laevis  tadpoles  and  to  control  neurite  growth  in  cultured  Xenopus  motoneurons, 
the  latter  in  a  non-catalytic  manner.  Distinct  domains  within  cholinesterase  molecules  were 
thus  shown  to  contribute  to  their  hydrolytic  and  growth-related  properties.  Delineation  in 
the  Xenopus  system  of  an  effective  human  promoter/  reporter  constmct  enabled  the 
subsequent  creation  of  transgenic  mice  which  express  human  AChE  in  their  brain  neurons. 
These  mice  suffered  late-onset,  progressive  cognitive  as  well  as  neuromotor  deterioration 
associated  with  changes  in  brain  metabolism  of  key  cholinergic  elements,  attenuated 
dendrite  branching  and  massive  synapse  loss.  These  processes  are  strikingly  reminiscent  of 
those  which  occur  in  Alzheimer's  disease,  where  the  vulnerability  of  cholinergic  neurons  to 
inherited  and/or  environmental  insults  lead  to  late-onset  deterioration  of  cholinergic 
functions,  neuronal  loss  and  cell  death.  However,  similar  symptoms  have  repeatedly  been 
reported  for  individuals  exposed  to  anti-cholinesterase  drugs  and  poisons.  That  the  same 
effect  could  result  from  both  an  increase  in  AChE  expression  and  from  inhibition  of  the 
enzyme,  led  us  to  initiate  a  search  for  feedback  responses  associated  with  exposure  to  anti¬ 
cholinesterases. 

Early  immediate  transcriptional  responses  to  anti-cholinesterases  were  unraveled  in  a  search 
for  the  cause(s)  of  brain-associated  symptoms  reported  by  soldiers  who  had  been  treated 
prophylactically  with  the  peripherally  acting  AChE  inhibitor  pyridostigmine.  This  study 
demonstrated  efficient  penetrance  of  numerous  compounds  through  the  blood-brain  barrier, 
which  we  previously  observed  to  be  impenetrable  to  plasma  constituents.  Current 
continuation  of  this  research  direction  reveals,  in  vivo  and  in  cultured  hippocampal  brain 
slices,  long  lasting  changes  in  cholinergic  gene  expression  in  response  to  acute  stress,  to 
anti-cholinesterase  exposure.  Such  changes  lead  to  massive  neuronal  AChE  accumulation, 
creating  essentially  similar  conditions  to  those  previously  engineered  in  the  AChE- 
overexpressing  transgenic  mice,  and  providing  a  potential  explanation  for  the  strikingly 
similar  neurological  symptoms  reported  for  Alzheimer's  disease  and  insecticide  poisoning 
patients.  This,  as  well  as  the  non-catalytic  properties  of  AChE,  called  for  the  use  of  a 
molecular  biology  approach,  to  inhibition  of  the  production  of  AChE,  rather  than  to 
chemical  blockade  of  its  catalytic  activity. 

Antisense  suppression  of  cholinesterase  production  was  performed  ex  vivo,  using 
phosphorothioated  oligodeoxynucleotides  capable  of  suppressing  AChE  activity  in 
cultured  mammalian  neuroendocrine  cells.  The  biomedical  and  environmental  implications 
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of  our  research  indicate  that  genomic  polymorphisms  in  the  coding  and/or  promoters  of  the 
ACHE  and  BCHE  genes  (and  possibly  additional  loci)  can  modulate  individual  responses 
to  anti-cholinesterases  in  a  complex  and  yet  not  fully  predictable  manner,  affecting  the 
nervous  system.  Such  polymorphisms  can  alter  AChE  gene  expression  and/or  properties, 
affecting  both  short  and  long-term  manifestations  of  cholinergic  functions  in  a  manner  that 
may  increase  the  risk  for  neurodegenerative  disease  due  to  either  chemical  or  psychological 
insults.  Our  main  goal  in  the  near  future  will  be  to  discern  specific  steps  in  the  pathway 
leading  to  such  outcome. 


43 


Abbreviations 

ACh 

acetylcholine 

AChE 

acetylcholinesterase 

ACHE 

acetylcholinesterase  gene 

AChR 

acetylcholine  receptor 

AD 

Alzheimer’s  disease 

APP 

amyloid  protein  precursor 

AS-ODN 

antisense  oligodeoxynucleotide 

ATCh 

acetylthiocholine 

BBB 

blood-brain  barrier 

BCHE 

butyrylcholinesterase  gene 

BuChE 

butyrylcholinesterase 

ChAT  choline  acetyltransferase 

CMV  cytomegalovirus 

CNS  central  nervous  system 

MEPP  miniature  endplate  potential 

MuSK  muscarinic  receptor  tyrosine  kinase 

NGF  nerve  growth  factor 

NMJ  neuromuscular  junction 

PCR  polymerase  chain  reaction 

PKA  protein  kinase  A 

RT-PCR  reverse  transcriptase  PCR 

SEM  standard  error  of  the  mean 
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ABSTRACT  To  explore  the  possibility  that  overproduc¬ 
tion  of  neuronal  acetylcholinesterase  (AChE)  confers  changes 
in  both  cholinergic  and  morphogenic  intercellular  interac¬ 
tions,  we  studied  developmental  responses  to  neuronal  AChE 
overexpression  in  motoneurons  and  neuromuscular  junctions 
of  AChE-transgenic  mice.  Perikarya  of  spinal  cord  motoneu¬ 
rons  were  consistently  enlarged  from  embryonic  through 
adult  stages  in  AChE-transgenic  mice.  Atypical  motoneuron 
development  was  accompanied  by  premature  enhancement  in 
the  embryonic  spinal  cord  expression  of  choline  acetyltrans¬ 
ferase  mRNA,  encoding  the  acetylcholine-synthesizing  enzyme 
choline  acetyltransferase.  In  contrast,  the  mRNA  encoding  for 
neurexin-I/8,  the  heterophilic  ligand  of  the  AChE-homologous 
neuronal  cell  surface  protein  neuroligin,  was  drastically  lower 
in  embryonic  transgenic  spinal  cord  than  in  controls.  Post¬ 
natal  cessation  of  these  dual  transcriptional  responses  was 
followed  by  late-onset  deterioration  in  neuromotor  perfor¬ 
mance  that  was  associated  with  gross  aberrations  in  neuro¬ 
muscular  ultrastructure  and  with  pronounced  amyotrophy. 
These  findings  demonstrate  embryonic  feedback  mechanisms 
to  neuronal  AChE  overexpression  that  are  attributable  to  both 
cholinergic  and  cell- cell  interaction  pathways,  suggesting  that 
embryonic  neurexin  1/8  expression  is  concerted  in  vivo  with 
AChE  levels  and  indicating  that  postnatal  changes  in  neuro¬ 
nal  AChE-associated  proteins  may  be  involved  in  late-onset 
neuromotor  pathologies. 


Accumulated  and  compelling  cell  culture  evidence  increas¬ 
ingly  points  to  noncatalytic  morphogenic  roles  for  acetylcho¬ 
linesterase  (AChE),  the  enzyme  known  for  its  function  in 
terminating  neurotransmission  at  cholinergic  synapses  by  hy¬ 
drolysis  of  acetylcholine  (ACh)  (1-3).  At  the  in  vivo  milieu,  we 
reported  a  morphogenic  activity  for  overexpressed  human 
AChE  in  developing  amphibian  neuromuscular  junctions 
(NMJs)  (4,  5).  This  activity  was  attributed  primarily  to  mod¬ 
ulations  in  synaptic  acetylcholine  levels  and  consequent 
changes  in  cholinergic  neurotransmission.  However,  the  high 
degree  of  sequence  homology  between  AChE  and  a  family  of 
nervous  system  cell  surface  proteins  suggests  that  AChE  also 
might  be  involved  in  cell  adhesion  processes  recruited  during 
synaptogenesis  and  long-term  synapse  maintenance.  Proteins 
participating  in  these  processes  include  mammalian  neuroli- 
gins  (6,  7),  Drosophila  neurotactin  (8),  and  gliotactin  (9). 
Recently,  a  chimera  in  which  the  extracellular  cholinesterase- 
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like  domain  of  neurotactin  was  replaced  with  the  homologous 
domain  from  Torpedo  AChE  was  reported  to  retain  ligand- 
dependent  cell-adhesive  properties  similar  to  the  native  mol¬ 
ecule  (10).  This  reinforced  the  notion  that  AChE  may  play  a 
role  in  neuronal  cell  adhesion. 

In  mammals,  the  AChE-homologous  neuroligins  were  iden¬ 
tified  as  heterophilic  ligands  for  a  splice-site  specific  form  of 
the  synapse-enriched  neuronal  cell  surface  protein  neurexin  1/3 

(11) .  Neurexins  represent  a  family  of  three  homologous  genes 
(I,  II,  and  III),  giving  rise  to  a  and  /3  forms  that  can  undergo 
further  alternative  splicing  to  generate  over  1,000  isoforms 

(12) .  Neurexins,  as  AChE,  are  expressed  in  postmitotic  neu¬ 
rons  of  the  embryonic  nervous  system,  including  spinal  cord, 
before  synaptogenesis  (13).  The  wealth  of  alternative  splicing 
patterns  predicted  for  both  the  neurexins  and  the  neuroligins, 
together  with  their  spatio-temporally  restricted  expression 
patterns,  have  led  to  the  suggestion  that  they  could  mediate  an 
almost  infinite  number  of  highly  specific  cell-cell  interactions 
in  the  nervous  system  (12,  13).  This  raises  the  possibility  that 
AChE,  by  virtue  of  its  homology  to  neuroligin,  could  play  a  role 
in  neurexin-mediated  cell-adhesion  interactions.  To  explore 
this  issue,  we  asked  whether  overexpression  of  AChE  might 
feed  back  upon  expression  of  neurexins  in  vivo  and  searched 
for  potential  correlations  between  AChE  overexpression  and 
changes  in  synapse  development  and  maintenance.  For  this 
purpose,  we  chose  to  study  the  NMJ  and  its  innervating 
motoneurons  in  transgenic  mice  expressing  human  AChE  in 
brain  and  spinal  cord  (14).  Our  observations  correlate  neuro¬ 
nal  overexpression  of  AChE  with  embryonic  feedback  mech¬ 
anisms  attributable  to  both  cholinergic  and  noncholinergic 
pathways.  They  also  suggest  that  postnatal  changes  in  neuronal 
AChE  and/or  its  associated  proteins  may  play  a  role  in 
late-onset  neuromotor  pathologies. 

EXPERIMENTAL  PROCEDURES 

PCR  Analyses.  PCR  was  performed  essentially  as  described 
previously  (14)  using  species-specific  primers  assigned  to 
nucleotides  1,522  (+)  and  1,797  (— )  in  exons  3  and  4  of  the 
human  AChE  cDNA,  nucleotides  375  (+),  1,160  (-)  in  exons 
2  and  3  of  the  mouse  ACHE  gene  (15),  nucleotides  83  (+),  646 
(-)  of  the  mouse  choline  acetyltransferase  (CHAT)  gene  (16), 


Abbreviations:  ACh,  acetylcholine;  AChE,  acetylcholinesterase; 
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nucleotides  822  (+),  996  (—)  of  the  mouse  j3-actin  gene  (17), 
nucleotides  978  (+)  and  1,113  (-)  of  the  neurexin  IjS  gene 
(12),  and  nucleotides  1,179  (+)  and  1,450  (-)  of  the  neurexin 
III/3  gene  (12).  Resultant  PCR  products  (276,  786,  564,  174, 
136,  and  272  bp,  respectively)  obtained  from  similar  amounts 
of  RNA  were  removed  and  analyzed  on  ethidium  bromide- 
stained  agarose  gels. 

High-Resolution  in  Situ  Hybridization.  Hybridization  was 
done  essentially  as  described  (17)  with  the  following  modifi¬ 
cations:  Tissues  were  fixed  in  4%  paraformaldehyde/0.1% 
glutaraldehyde  (2  hr)  and  washed  at  4°C.  Clearing  in  6%  H2O2 
(1  hr)  was  followed  by  proteinase  K  (10  ju-g/ml,  15  min),  glycine 
(2  mg/ml,  20  min),  and  refixation  (4%  paraformaldehyde/ 
0.2%  glutaraldehyde,  20  min),  all  in  PBS/0.1%  Tween-20. 
Hybridization  buffer  and  washing  solutions  included  1%  SDS. 
Hybridization  was  16  hr  at  52°C  with  50-mer,  5 '-biotinylated, 

2- 0-methyl  cRNA  probes  (10  jag/ml)  (Microsynth,  Switzer¬ 
land)  directed  to  the  following  sequences:  AChE  mRNA: 
mouse  exon  6,  positions  1,932-1,981  (15);  mouse  exon  5, 
positions  249-199  (18);  and  mouse  ChAT  cRNA,  positions 
553-602  (16).  Posthybridization  washes  were  at  56°C. 

Staining  Procedures  and  Microscopy,  Diaphragm  muscles 
were  fixed  in  situ  with  4%  paraformaldehyde/0.1%  glutaral¬ 
dehyde  solution  in  PBS  for  5  min  at  room  temperature, 
dissected,  refixed  for  2  hr,  and  kept  at  4°C  in  PBS  until  used. 
AChE  activity  staining  was  for  5  min  at  room  temperature  as 
previously  described  (14).  Fifty-micrometer-thick,  paraformal- 
dehyde/glutaraldehyde-fixed  spinal  cord  sections  were  stained 
for  30  min.  Electron  microscopy  on  80-nm-thick  sections  and 
morphometric  analyses  were  essentially  as  described  (5).  Stu¬ 
dent’s  t  test  was  used  to  evaluate  morphometric  data. 

AChE  Activity  Measurements.  Acetylthiocholine  hydrolysis 
levels  were  determined  spectrophotometrically  in  the  presence 
of  10“^  M  of  the  selective  butyrylcholinesterase  inhibitor 
iso-OMPA  (tetraisopropylpyrophosphoramide).  Enzyme- 
antigen  immunoassay  was  as  described  (5). 

Electromyography.  After  dissection  of  the  hindleg,  a  tung¬ 
sten  bipolar  stimulating  electrode  was  positioned  on  the  trunk 
of  the  sciatic  nerve  and  evoked  muscle  fiber  potentials  re¬ 
corded  by  a  microelectrode  placed  on  the  gastrocnemius 
muscle.  The  nerve  was  stimulated  by  brief  (0.1  msec)  stimuli 
at  increasing  intensities  (<1  mA).  Data  were  recorded  through 
an  AC-DC  amplifier  (A-M  Systems,  Everett,  WA,  model 
1800),  digitized  on  line,  and  analyzed  using  Pclamp  6.0  (Axon 
Instruments,  Foster  City,  CA).  Muscle  temperature,  main¬ 
tained  at  32  ±  1°C  by  a  warming  lamp,  was  continuously 
monitored.  In  each  animal,  about  10  different  recordings  were 
taken.  Anesthesia  was  accomplished  with  intraperitoneal  ad¬ 
ministration  of  Nembutal  (60  mg/kg  weight). 

Grip  Test.  Mice  were  suspended  by  their  forelegs  on  a 

3- mm-thick  horizontal  rope  1  m  above  bench  level.  The  time 
it  took  them  to  grip  the  rope  with  their  hindlegs  (escape 
latency)  was  measured  three  times  at  1-min  intervals  for 
sex-matched  mice  with  similar  body  weights.  Unsuccessful 
trials  and  those  that  ended  in  animals  falling  off  the  rope  were 
recorded  as  10  sec. 

RESULTS 

Human  AChE  from  Spinal  Cord  Motoneurons  Reaches 
Transgenic  Muscle.  ACHE-transgenic  mice  carry,  and  express 
in  their  central  nervous  system  (14),  the  synaptic  form  (5)  of 
human  AChE.  Reverse  transcription-PCR  (RT-PCR)  dem¬ 
onstrated  expression  of  human  AChE  mRNA  in  spinal  cord, 
but  not  in  muscle  (Fig.  L4)  of  ACHE-transgenic  mice.  High- 
resolution  in  situ  hybridization  using  a  biotinylated  2-0-methyl 
cRNA  probe  detected  both  mouse  and  human  AChE  mRNA 
transcripts  throughout  neuronal  perikarya  within  the  anterior 
horn  of  the  spinal  cord  in  both  control  and  transgenic  adult 
mice  (Fig.  1  B  and  C).  Large  polygonal  neurons  with  the 
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Fig,  1.  Human  AChE  cDNA  is  expressed  in  spinal  cord  neurons 
but  not  muscle.  (A)  RT-PCR  analyses.  Primers  specific  for  mouse  (m) 
or  human  (h)  AChE  mRNA  indicates  expression  of  the  transgene  in 
transgenic  (T)  spinal  cord,  but  not  muscle.  Control  (C)  mice  express 
the  endogenous  mRNA  in  both  tissues.  (B  and  C)  In  situ  hybridization. 
A  probe  detecting  both  mouse  and  human  AChE  mRNAs  labeled 
neurons  in  50-pm  cervical  spinal  cord  sections  from  both  transgenic 
(B)  and  control  (C)  mice.  Black  arrows  indicate  large  polygonal  a 
motoneurons;  white  arrows  indicate  7  motoneurons  and/or  interneu¬ 
rons.  ELF  kit  6605  (Molecular  Probes)  diluted  1:250  was  used  for 
detection.  (Size  bar,  50  /Am.)  Note  that  labeling  is  restricted  to  cells 
with  neuronal  morphology.  (D  and  E)  Enzyme  activity.  Fixed  sections 
from  the  anterior  horn  of  lumbar  spinal  cord  of  transgenic  (D)  or 
control  (E)  mice  were  cytochemically  stained  for  catalytically  active 
AChE.  Note  the  enhanced  activity  in  nerve  fibers  and  cell  bodies  from 
the  transgenic  spinal  cord.  (Size  bar,  100  pim.) 

characteristic  features  of  a  motoneurons  as  well  as  small  round 
cells  resembling  7  motoneurons  or  interneurons,  but  not  cells 
with  glial  morphology,  were  labeled  (Fig.  1  B  and  C).  Similar 
patterns  of  AChE  mRNA  labeling  were  observed  in  the 
cervical,  lumbar,  and  dorsal  regions  of  the  spinal  cord  (data 
not  shown).  Cytochemical  staining  revealed  AChE  activity  in 
neuronal  processes  within  adult  transgenic  spinal  cord,  high 
above  levels  observed  in  controls  (Fig.  1  D  and  E).  Overex¬ 
pression  of  AChE  in  spinal  cord  was  confirmed  by  quantitative 
assays  demonstrating  approximately  25%  higher  activity  in 
spinal  cord  extracts  from  transgenic  animals.  Using  a  human 
AChE-specific  mAb  (mAb  101-1)  in  an  enzyme-antigen  im¬ 
munoassay,  this  difference  was  attributed  to  AChE  of  human 
origin  evenly  distributed  between  the  salt  and  detergent- 
soluble  fractions.  In  light  of  reports  that  motoneurons  con¬ 
tribute  to  synaptic  AChE  at  the  amphibian  NMJ  (19)  we 
considered  the  possibility  that  AChE  of  human  origin  might  be 
present  at  the  NMJ  despite  the  apparent  transcriptional  silence 
of  the  human  gene  in  muscle.  In  detergent  muscle  extracts,  no 
significant  difference  in  total  AChE  activity  was  observed 
between  six  control  and  seven  transgenic  adult  mice  (33.4  ±  6.9 
vs.  35.9  ±  1.3  nmol/min  per  mg  of  protein,  respectively). 
However,  the  binding  of  up  to  6%  of  the  total  enzyme  to  mAb 
101  indicated  the  presence  of  a  minor  fraction  of  human  AChE 
in  muscle  (data  not  shown). 

Spinal  Cord  Neurons  of  Embryonic  and  Newborn  Trans¬ 
genic  Mice  Display  Drastic  Changes  in  ChAT  and  /3-Neurexin 
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mRNAs.  To  search  for  potential  changes  in  gene  expression 
accompanying  overexpression  of  AChE  in  spinal  cord,  we 
performed  semiquantitative,  kinetic  RT-PCR.  PCR  signals 
reflected  similar  levels  of  human  AChE  mRNA  in  spinal  cord 
of  embryonic  day  17  (E17),  newborn,  and  5-week-old  mice 
(Fig.  2A).  In  contrast,  mouse  AChE  mRNA  was  hardly  de¬ 
tectable  in  the  spinal  cord  before  birth,  but  increased  approx¬ 
imately  8-fold  in  newborn  mice,  and  continued  to  increase  in 
young  adults,  all  in  both  groups  (Fig.  24).  As  excess  AChE  is 
expected  to  reduce  the  bioavailability  of  ACh  and  suppress 
cholinergic  neurotransmission,  we  searched  for  potentially 
compensatory  changes  in  expression  of  the  ACh-synthesizing 
enzyme  ChAT.  RT-PCR  demonstrated  premature  embryonic 
expression  of  ChAT  mRNA  at  El  7  in  transgenic,  but  not 
control,  spinal  cord  (Fig.  24).  In  newborn  mice,  a  smaller,  but 
still  apparent,  enhancement  in  ChAT  mRNA  levels  was  ob¬ 
served  in  transgenic  as  compared  with  control  mice.  However, 
at  5  weeks  transgenic  and  control  mice  displayed  similar  levels 
of  this  transcript.  Actin  mRNA  levels,  which  served  as  a 
control  for  the  integrity  and  amounts  of  mRNA  in  these 
preparations,  remained  unchanged  throughout  development 
(data  not  shown). 

Transgenic,  but  not  control,  embryonic  spinal  cord  neurons 
were  intensively  labeled  in  in  situ  hybridization  with  an  AChE 
cRNA  probe  recognizing  both  human  and  mouse  AChE 
mRNAs  (Fig.  2B).  In  contrast,  a  probe  selective  for  mouse 
AChE  yielded  fainter  labeling  and  no  significant  difference 
between  transgenic  and  control  motoneurons  (Fig.  2B).  Sig¬ 
nificantly,  a  mouse  ChAT  cRNA  probe  prominently  labeled 
motoneuron  perikarya  in  transgenic,  but  not  control,  spinal 
cord  (Fig.  2B).  Thus,  enhanced  signals  in  both  RT-PCR  and  in 
situ  hybridization  indicated  augmented  neuronal  ChAT 
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Fig.  2.  Transgenic  human  AChE  (hAChE)  mRNA  expression 
induces  a  transient  embryonic  enhancement  in  ChAT  mRNA  levels. 
(A)  RT-PCR  analyses.  RNA  extracted  from  spinal  cord  of  control  (C) 
and  transgenic  (T)  mice  at  the  noted  ages  was  subjected  to  kinetic 
RT-PCR  using  primers  for  the  noted  mRNAs  (see  Experimental 
Procedures).  Aliquots  of  amplified  DNA  representing  human  (h)  or 
mouse  (m)  AChE  or  ChAT  mRNAs  were  removed  every  third  cycle 
from  cycle  21,  representing  differences  oica.  8-fold  between  samples. 
Products  were  electrophoresed  and  stained  with  ethidium  bromide. 
Note  that  hAChE  mRNA  is  present  only  in  transgenic  mice,  that 
endogenous  AChE  mRNA  levels  are  similar  in  control  and  transgenic 
animals,  and  that  while  mChAT  levels  are  undetectable  in  control  E17 
embryos,  a  prominent  signal,  marked  by  an  asterisk,  is  observed  in 
transgenic  embryos.  In  postnatal  mice,  ChAT  mRNA  levels  in  trans¬ 
genic  and  control  spinal  cord  are  indistinguishable.  NB,  newborn.  {B) 
In  situ  hybridization.  Seven-micrometer  sections  from  the  lumbar 
spinal  cord  of  control  (C)  and  transgenic  (T)  E17  embryos  were 
subjected  to  in  situ  hybridization.  Fast-red  (Boehringer  Mannheim) 
served  for  detection.  Note  the  intense  AChE  and  ChAT  mRNA  signals 
in  transgenic  cell  bodies. 


mRNA  levels  in  transgenic  mice.  At  subsequent  ages,  however, 
no  such  differences  could  be  detected,  pointing  at  the  transient 
nature  of  this  embryonic  feedback  response.  In  light  of  the 
considerable  homologies  between  AChE  and  the  neurexin  j3 
ligand  neuroligin  (7),  we  further  looked  for  changes  in  the 
expression  of  neurexin  /3  in  spinal  cord  of  transgenic  mice. 
Both  embryonic  and  newborn,  but  not  5-week-old,  transgenic 
mice  displayed  drastically  reduced  levels  of  neurexin  Ij3  com¬ 
pared  with  controls  (Fig.  3),  suggesting  that  neurexin- 
neuroligin  relationships  would  be  altered  in  the  transgenic 
spinal  cord  and  indicating  that  the  accessibility  of  AChE-like 
domains  affects  neurexin  Ij3  production.  In  contrast,  neurexin 
IlljS  levels  were  barely  detectable  in  either  group  at  these  ages 
and  similar  to  each  other  at  5  weeks.  Actin  mRNA  levels,  as 
measured  by  RT-PCR,  were  identical  in  both  groups  at  all  ages. 

Transgenic  AChE  Expression  Induces  Persistent  Enlarge¬ 
ment  of  Motoneurons.  The  total  number  and  spatial  distribu¬ 
tion  of  motoneurons  in  transgenic  spinal  cord  was  essentially 
normal,  suggesting  that  human  AChE  expression  did  not  affect 
neuronal  proliferation  or  migration  and  did  not  cause  neuronal 
death.  However,  measurements  of  cell  area  revealed  age- 
dependent  changes  in  morphology  among  anterior  horn  neu¬ 
rons  from  transgenic  as  compared  with  control  mice.  Neuronal 
cell  bodies  in  control  embryos  averaged  44.5  ±  15.8  ixnP  in  size 
(mean  ±  SD)  whereas  transgenic  neurons  displayed  areas  of 
51.5  ±  13.5  /xm^  (Fig.  4/1)  (P<  0.05,  Student’s  r  test).  Postnatal 
maturation  of  spinal  cord  neurons  was  accompanied  by  dis¬ 
sociation  into  two  distinct  populations,  one  consisting  of  small 
neurons  (25-150  punP)  likely  to  be  interneurons  and  y  mo¬ 
toneurons,  and  the  other  of  large  neurons  (>150  punP)  that 
includes  the  a  motoneurons.  There  was  no  difference  between 
postnatal  control  and  transgenic  spinal  cord  in  either  the 
number  or  the  perikaryal  area  of  the  small  neurons.  Similarly, 
the  fraction  of  neurons  larger  than  150  fxnP  was  similar  in 
transgenic  and  control  mice  (data  not  shown),  suggesting 
normal  lineage  distribution  of  spinal  cord  motoneurons.  Nev¬ 
ertheless,  transgenic  motoneurons  were  significantly  enlarged 
relative  to  controls,  with  perikarya  of  220  /xm^,  as  compared 
with  160  fjirrP  (P  <  0.02,  Fig.  4B).  The  normal  size  and 
unmodified  staining  of  nuclei  suggested  that  the  enlarged 
neurons  were  viable  in  both  embryonic  and  adult  spinal  cord 


Fig.  3.  Neurexin  Ij8  mRNA  is  dramatically  suppressed  in  embry¬ 
onic  and  newborn  transgenic  mice.  Primers  specific  for  neurexin  Ij8 
and  II 1/3  mRNAs  (see  Experimental  Procedures)  were  used  in  semi¬ 
quantitative  RT-PCR  on  spinal  cord  RNA  from  control  (C)  and 
transgenic  (T)  mice  at  the  noted  ages.  Note  the  dramatic  reduction  in 
signal  intensities  for  neurexin  1/3  in  embryonic  (E17)  and  newborn 
(NB)  transgenic  mice  compared  with  controls  and  to  5-week-old  (5 
Wk)  mice.  Primers  for  j8-actin  mRNA  served  to  verify  quantity  and 
quality  of  RNA  in  each  sample.  Shown  are  PCR  products  sampled 
every  third  cycle  (i.e.,  reflecting  8-fold  differences)  from  cycle  21  for 
/8-actin  and  cycle  24  for  neurexins. 
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Fig.  4.  AChE  overexpression  is  associated  with  enlarged  motoneu¬ 
ron  perikarya.  (A)  Embryonic  enlargement.  Thoracic  spinal  cord 
sections  from  E17  transgenic  (T)  and  control  (C)  mice  were  stained 
with  cresyl  violet,  and  the  perikaryal  areas  in  of  ventral  horn  cells 
measured.  Presented  arc  percent  fractions  of  the  total  number  of  cresyl 
violet  positive  cells  in  each  size  group  (67  control  and  32  transgenic 
cells  were  measured).  This  analysis  revealed  overall  enlargement  of 
neurons  in  transgenic  embryonic  spinal  cord  (P  <  0.05).  (hiset) 
Representative  cresyl  violet-positive  control  (C)  and  transgenic  (T) 
neurons  from  embryonic  (El 7)  and  3-month-old  (adult)  mice  arc 
presented.  Note  that  the  enlarged  neurons  characteristic  of  transgenic 
animals  maintain  the  normal  polygonal  morphology.  (Size  bar,  10  jitm.) 
Arrows  indicate  motoneurons.  (B)  Adult  enlargement.  Separate  size 
distributions  for  ventral  horn  neurons  up  to  150  {Left)  and  larger 
than  150  fxm^  (Piglet)  from  adult  mice  are  presented.  Smaller  cells  (202 
control  and  186  transgenic  cells),  presumably  interneurons  and  y-mo- 
toneurons,  .showed  similar  perikaryal  area  distributions  in  transgenic 
and  control  animals.  In  contrast,  the  larger  ventral  horn  cells,  pre¬ 
sumably  a-motoneurons  (44  control  and  27  transgenic  cells),  pre¬ 
served  the  embryonic  trend  of  enlarged  perikarya  observed  in  trans¬ 
genic  animals  (P  <  0.02). 

(Fig.  4A,  Inset).  We  found  no  examples  for  such  selective 
neuronal  enlargement  in  neurodegenerative  diseases. 

AChE-Induced  Progressive  Impairments  in  Neuromuscular 
Function.  Transgenic  animals  developed  normally  and  ac¬ 
quired  normal  motor  functions  at  the  same  ages  as  control 
mice.  Adult  transgenic  mice  walked  normally,  with  track  width 
and  pace  length  similar  to  those  of  controls  (not  shown). 
Swimming  speed  of  4-month-old  transgenic  mice  (21.4  ±  4.0 
m/min)  was  only  slightly  slower  than  controls  (25.0  ±  4.0 
m/min)  {n  =  10).  However,  transgenic  animals  exhibited 
severely  impaired  performance  in  a  rope  grip  test  designed  to 
test  coordinated  sensorimotor  activity  of  the  abdomen,  back, 
and  leg  muscles  (Fig.  5A).  When  hung  on  the  rope,  transgenic 
mice  acquired  a  loose,  weakened  posture,  and  4-month-old 
transgenic,  but  never  control,  mice  fell  off  the  rope  altogether 
in  20%  of  30  sessions  with  10  animals.  Weakness  in  the  grip  test 
was  already  evident  as  a  >2-fold  difference  in  escape  latency 
(P  <  0.02)  at  the  age  of  4  weeks,  but  worsened  (P  <  0.01)  by 
4  months  of  age. 

Transgenic  AChE  Expression  Leads  to  Electromyographic 
Abnormalities.  The  intensity  of  compound  action  potentials 
recorded  on  the  surface  of  the  sciatic  nerve  did  not  differ 
between  control  and  transgenic  adult  mice.  Nerve  conduction 
velocity  was  normal,  and  no  late  potentials  were  detected, 
suggesting  normal  myelination  and  number  of  axons  (data  not 
shown).  In  addition,  direct  recording  from  the  gastrocnemius 
muscle  did  not  reveal  spontaneous  denervation  activity.  Nev- 


Fig.5.  Po.stnatal  motor  function  impairments  worsen  with  age.  {A) 
Grip  test  performance.  Groups  of  5-10  mice  at  the  ages  of  4  weeks  and 
4  months  [transgenic  (T)  and  control  (C)]  were  .suspended  with  their 
forelegs  on  a  3-mm  diameter  rope  and  the  time  taken  to  .securely  grip 
the  rope  with  their  hindlegs  was  noted  (latency)  (see  Experimental 
Procedures).  Presented  are  escape  latencies  in  seconds  (average  ±  SD). 
Note  the  slower  performance  of  transgenics  as  compared  with  controls 
at  both  age  groups  and  the  worsening  of  this  phenotype  with  age.  {B) 
Electromyographic  profiles.  Evoked  muscle  fiber  potentials  ( V/Vmin) 
after  sciatic  nerve  stimulation  were  recorded  by  a  microclcctrodc 
placed  on  the  surface  of  the  gastrocnemius  muscle  in  three  transgenic 
(■)  and  three  control  (□)  mice.  {Inset)  Superposition  of  responses 
evoked  by  increasing  stimulus  intensity  up  to  1.0  mA  at  1  Hz  as  in  the 
enclosed  scale.  Saturation  of  rcspon.se  occurred  only  at  high  stimulus 
intensities  and  required  more  stimuli  in  transgenics  than  in  controls. 
Note  that  in  the  transgenic  muscle  several  negative  peaks  were 
observed  in  response  to  a  single  stimulus.  (C)  Delayed  repetitive  firing 
of  action  potentials.  After  100  supramaximal  .stimulations  at  1  Hz, 
abnormal  late  potentials  (filled  bars)  appeared  in  four  transgenic 
animals  for  up  to  40  msec  poststimulation  as  compared  with  a  few 
signals  in  four  control  animals  (empty  bans).  Presented  arc  numbers  of 
response  spikes  as  a  function  of  latency  time  for  10  different  mea¬ 
surements. 


erthelcss,  evoked  potentials  recorded  from  the  gastrocnemius 
muscle  fibers  in  response  to  stimulation  of  the  common  trunk 
of  the  sciatic  nerve  disclosed  three  main  abnormalities.  In 
control  animals,  a  small  increase  in  stimulus  intensity  induced 
small  and  gradual  increases  in  the  amplitude  of  the  muscle’s 
compound  action  potential,  so  that  .supramaximal  response 
amplitudes  were  up  to  10-fold  greater  than  the  threshold 
response.  In  transgenic  animals,  parallel  increases  in  stimulus 
intensity  triggered  considerably  larger  jumps  in  the  amplitude 
of  the  action  potentials.  These  observations  indicated  enlarge¬ 
ment  of  functional  motor  units  and  an  increased  number  of 
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muscle  fibers  recruited  by  the  stimulated  axons  (Fig.  5B). 
Moreover,  muscle  potentials  in  transgenic  mice  were  of  greater 
amplitude  and  duration  than  those  in  controls,  with  frequent 
multiwaved  shapes  (mainly  three  subpeaks)  rarely  seen  in 
controls  (Fig.  5  B  and  C).  Finally,  repetitive  supramaximal 
stimulations  at  1  Hz  induced  pathological  late  potentials 
(latency  up  to  40  msec),  which  appeared  frequently  in  trans¬ 
genic  animals  but  very  rarely  in  controls  (Fig.  5C).  In  2  of  4 
cases,  3-Hz  stimulations  after  tetanization  by  300  stimulations 
at  30  Hz  resulted  in  myasthenia-like  decreases  (>10%)  in  the 
intensity  of  responses  in  transgenic,  but  not  in  control  animals 
(data  not  shown).  These  observations  suggested  disturbed 
neuromuscular  communication  in  adult  AChE-transgenic 
mice. 

NMJs  and  Muscles  of  Transgenic  Animals  Undergo  Dra¬ 
matic  Morphological  Changes.  Adult  AChE-transgenic  mice 
developed  diaphragm  motor  endplates  that  were  60%  larger, 
on  average,  than  controls  (Fig.  M).  Therefore,  over  half  of  the 
transgenic  endplates  examined,  but  only  10%  of  controls,  were 
larger  than  600  jjinP.  In  addition,  transgenic  endplates  failed  to 
display  the  complex  boundaries  found  in  control  endplates,  but 
acquired  a  simple  ellipsoid  aspect  (Fig.  6^).  Similar  morpho¬ 
logical  changes  also  were  found  in  hindleg  quadriceps  end¬ 
plates  and  in  anterior  tibialis  muscles  (not  shown). 

NMJ  ultrastructure  in  transgenic  animals  was  highly  vari¬ 
able.  Although  the  mean  length  of  postsynaptic  membrane 
folds  was  similar  among  transgenics  and  controls  (0.6  ±  0.05 
fxm/iim  synapse  length),  only  7  of  16  analyzed  NMJs  from 
transgenic  mice  as  compared  with  11  of  14  NMJs  in  control 
mice  possessed  average-length  postsynaptic  folds  (Fig.  6B, 
Top).  The  remaining  transgenic  NMJs  displayed  either  of  two 
pathological  features,  both  reported  in  NMJs  of  aged  humans 
(20).  One-fourth  of  the  NMJs  in  transgenic  mice  as  compared 
with  7%  of  control  NMJs  presented  highly  exaggerated, 
branched  and  densely  packed  postsynaptic  folds,  similar  to 
those  occurring  in  the  Eaton-Lambert  syndrome  (21)  (average 
of  0.87  ±  0.16  /Ltm,  Fig.  6B,  Middle).  The  remaining  third  of  the 
transgenic  NMJs,  but  only  14%  of  control  NMJs,  possessed 
short,  ablated  postsynaptic  folds  (0.30  ±  0.07  /xm.  Fig.  6B, 
Bottom),  which  resembled  those  of  myasthenia  gravis  patients 
(22).  ^ 

Decreased  muscle  volume  and  atrophy  of  muscle  fibers  m 
adult  transgenic  animals  were  observed  in  4-month-old  mice. 
Electron  microscopy  subsequently  indicated  general  loosening 
of  intracellular  structures  in  transgenic  muscle  fibers,  but  not 
in  controls  (Fig.  6C).  Intracellular  spaces  were  filled  with  large, 
structureless  vacuoles.  The  distance  between  myofilaments 
and  between  myofibrils  was  enlarged.  Triads  of  T  tubules  and 
terminal  cisternae  appeared  to  be  dissociated,  mitochondria 
were  no  longer  aligned  with  I  bands  of  the  sarcolemma  and 
were  clearly  swollen,  with  cristae  no  longer  visible  (Fig.  6C). 
No  NMJ  was  observed  in  association  with  these  wasted, 
damaged  muscle  regions. 

DISCUSSION 

We  have  observed  that  overexpression  of  AChE  in  spinal  cord 
neurons  of  transgenic  mice  promotes  a  persistent,  but  enig¬ 
matic,  enlargement  of  motoneuron  perikarya  and  a  severe, 
delayed-onset  neuromotor  pathology.  The  dual  cholinergic 
and  noncholinergic  properties  of  AChE  raise  the  possibility 
that  either  or  both  of  these  activities  could  be  involved  in 
mediating  the  morphologic  transformation  of  motoneurons 
and  the  ultimate  demise  of  NMJs  and  muscle  fibers  in  adult 
mice.  Enhanced  levels  of  ChAT  mRNA  in  motoneurons  of 
transgenic  embryos  suggest  the  existence  of  a  compensatory 
feedback  loop  that  is  sensitive  to  cholinergic  inputs.  As  ChAT 
is  responsible  for  synthesizing  ACh,  hyperactivation  of  ChAT 
gene  expression  in  spinal  cord  motoneurons  of  transgenic 
embryos  could  increase  available  ACh  and  stabilize  cholin- 


Fig.  6.  Enlargement  and  shape  modifications  in  diaphragm  neu¬ 
romuscular  junctions  of  transgenic  animals.  (A)  NMJ  surface  changes. 
Wholemount  cytochemical  staining  of  AChE  activity  was  performed 
on  fixed  diaphragms  from  4-month-old  transgenic  (Top)  and  control 
(Middle)  animals.  Transgenic  NMJs  displayed  larger  circumference 
and  fading  boundaries  as  compared  with  the  complex,  sharp  contours 
in  controls.  Representative  endplates  from  12  control  and  transgenic 
mice.  Similar  results  were  obtained  using  methylene  blue  staining  for 
total  proteins  (not  shown).  (Bottom)  Stained  areas  in  fxm^  for  motor 
endplates  illustrated  above  (for  90  control,  100  transgenic  terminals) 
are  presented  as  a  frequency  distribution  plot.  (B)  Postsynaptic  fold 
changes.  Electron  microscopy  of  80-nm  crosssections  of  terminal 
diaphragm  zones  reveals  variable  deformities  in  NMJ  from  transgenic 
mice.  (Top)  Normal  NMJ.  (Middle)  Transgenic  NMJ  with  exaggerated 
postsynaptic  folds.  (Bottom)  Transgenic  NMJ  with  short,  undeveloped 
folds  marked  by  arrowheads,  V,  vesicles;  M,  muscle;  F,  postsynaptic 
folds.  (C)  Muscle  abnormalities.  (Left)  Longitudinal  section  from 
normal  diaphragm  muscle.  Note  the  organization  of  mitochondria 
(Mt)  at  well-aligned  Z  bands  (Z).  (Right)  Transgenic  diaphragm 
muscle  with  fiber  atrophy,  loss  of  muscle  fiber  organization,  and 
swelling  of  mitochondria  at  disrupted  Z  bands. 

ergic  circuitry  under  conditions  of  AChE  overexpression.  In 
contrast,  suppressed  levels  of  mRNA  encoding  the  cell  surface 
protein  neurexin  IjS  in  spinal  cord  of  embryonic  and  newborn 
mice  should  change  neurexin-neuroligin  interactions,  possibly 
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affecting  both  perikarya  and  synapse  properties.  This  may 
tentatively  hint  at  the  activation  of  a  feedback  pathway  that  is 
responsive  to  the  noncatalytic  activities  of  AChE  and  attribute 
physiological  significance  to  the  homology  between  AChE  and 
the  ncuroligin-relatcd  cell  surface  proteins,  purported  to  be 
involved  in  cell  adhesion  and  synaptogcnic  interactions  in  the 
nervous  system.  The  postnatal  normalization  we  observed  in 
the  levels  of  both  ChAT  and  ncurexin  1/3  mRNAs  implies  a 
temporally  restricted  window  during  which  motoneurons  can 
recruit  these  two  feedback  loops.  The  delayed  onset  of  neu¬ 
romuscular  pathologies,  as  compared  with  apparently  normal 
embryonic  development,  thus  may  reflect  the  cumulative 
damage  resulting  from  this  irretrievable  loss  of  neuronal 
transcriptional  plasticity. 

In  light  of  a  previous  report  that  motoneurons  contribute 
synaptic  AChE  to  the  amphibian  NMJ  (19),  and  assuming  that 
NMJs  represent  less  than  0.1  %  of  the  muscle  surface  (23),  the 
6%  fraction  of  human  enzyme  we  observed  in  extracts  from 
muscle  not  itself  expressing  the  transgene  likely  reflects  a 
significant  accumulation  of  motoneuron-derived  transgenic 
enzyme  in  the  synapse.  This  is  not  surprising  as  we  previously 
noted  that  levels  of  synaptic  AChE  were  elevated  >  5-foId  in 
NMJs  from  Xenopus  embryos  overexpressing  this  same  cDNA 
and  in  which  the  corresponding  nerve  terminals  were  stained 
for  active  enzyme  (4,  5).  Therefore,  the  disastrous  long-term 
effects  of  overexpressed  AChE  could  be  tentatively  attributed, 
to  chronic  disturbances  in  cholinergic  neurotransmission.  Im¬ 
paired  cholinergic  transmission  is  indeed  associated  with  sev¬ 
eral  congenital  and  acquired  amyotrophic  diseases  character¬ 
ized  by  progressive,  juvenile-  or  adult-onset  neuromotor  de¬ 
terioration.  Eaton-Lambert  syndrome  is  associated  with 
malfunctioning  presynaptic  calcium  channels  and  suppressed 
ACh  release  (21),  myasthenia  gravis  involves  autoimmune 
suppression  of  muscle  nicotinic  acetylcholine  receptors  (22), 
and  amyotrophic  lateral  sclerosis  results  from  motoneuron 
death  (24).  However,  while  our  findings  demonstrate  that  a 
moderate,  but  stable,  increase  in  motoneuron  expression  of 
AChE  is  sufficient  to  predispose  mouse  NMJs  and  muscle  to 
late-onset  progressive  deterioration,  it  is  not  clear  whether 
such  deterioration  is  due  to  abnormal  neuronal  inputs,  the 
presence  of  high  levels  of  AChE  in  the  synapse,  or  other 
reasons.  Moreover,  the  severity  of  the  neuromotor  degenera¬ 
tive  phenotype  is  difficult  to  explain  solely  in  terms  of  cholin¬ 
ergic  dysfunction.  Rather,  it  likely  represents  the  outcome  of 
accumulated  damage  due  to  various  secondary  and  tertiary 
changes  in  additional  nerve  and/or  muscle  components. 

The  morphogenic  potency  of  AChE  has  now  been  well 
established  in  diverse  cell  culture  models.  A  neurite  out- 
growth-promoting  activity  was  demonstrated  for  AChE  in 
various  cultured  chicken  neurons  and  attributed  to  noncata¬ 
lytic  activities  affecting  cell  adhesion  properties  (1,  2).  In 
addition,  our  expression  of  various  alternative  human  AChE 
cDNAs  in  glioma  cells  (25),  as  well  as  in  Xenopiis  motoneurons 
(unpublished  data)  traced  this  activity  to  the  synaptic  form  of 
the  enzyme.  The  mechanism  for  noncatalytic  AChE  morpho¬ 
genic  activities  is  yet  unknown.  However,  Darboux  et  al.  (10) 
demonstrated  that  in  addition  to  the  primary  sequence  ho¬ 
mologies  between  neurotactin  and  AChE,  the  esterase-like 
domain  in  Drosophila  neurotactin  likely  shares  a  striking 
three-dimensional  structural  similarity  with  AChE  and  that 
this  domain  plays  a  prominent  role  in  the  protein’s  cell 
adhesion  properties.  In  addition,  the  recently  identified  neu- 
roligin  family  of  mammalian  neuronal  cell  surface  molecules 
all  contain  an  extracellular  esterase-homologous  domain  shar¬ 
ing  35%  homology  with  Torpedo  AChE  (7).  That  the  overex¬ 


pression  of  AChE  in  spinal  cord  neurons  is  associated  with  a 
specific  suppression  in  the  levels  of  neurexin  Ij8  mRNA  during 
embryonic  development  is  highly  suggestive  of  a  role  for  AChE 
in  the  neuroligin-ncurexin  paradigm  of  cell  recognition  events. 
If  so,  the  spatiotemporally  coordinated  expression  of  AChE 
and  neurexins  in  the  embryonic  spinal  cord  during  normal 
development,  together  with  the  suppression  of  neurexin  1/3 
mRNA  levels  in  ACHE-transgenic  mice,  could  reflect  a  func¬ 
tional,  rather  than  casual  association.  In  that  case,  our  findings 
would  represent  in  vivo  indications  for  a  physiologically  rele¬ 
vant  interaction  between  AChE  and  a  ccll-surfacc  molecule 
thought  to  be  involved  in  neuronal  development,  synaptogen- 
esis,  and  synapse  maintenance. 
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Abstract 

Acetylcholinesterase  (AChE)  produced  by  spinal  cord  motoneurons  accumulates  within  axo¬ 
dendritic  spinal  cord  synapses.  It  is  also  secreted  from  motoneuron  cell  bodies,  through  their 
axons,  into  the  region  of  neuromuscular  junctions,  where  it  terminates  cholinergic 
neurotransmission.  Here  we  show  that  transgenic  mice  expressing  human  AChE  in  their  spinal 
cord  motoneurons  display  primarily  normal  axo-dendritic  spinal  cord  cholinergic  synapses  in  spite 
of  the  clear  excess  of  transgenic  over  host  AChE  within  these  synapses.  In  contrast,  a  modest 
excess  of  AChE  drastically  affects  the  structure  and  long-term  functioning  of  neuromuscular 
junctions  in  these  mice,  although  they  express  human  AChE  in  their  spinal  cord,  but  not  muscle. 
Enlarged  muscle  endplates  with  either  exaggerated  or  drastically  shortened  post-synaptic  folds 
then  lead  to  a  progressive  neuromotor  decline  and  massive  amyotrophy.  These  findings 
demonstrate  that  excess  neuronal  AChE  may  cause  distinct  effects  on  spinal  cord  and 
neuromuscular  synapses,  and  attribute  the  late-onset  neuromotor  deterioration  observed  in  AChE 
transgenic  mice  to  neuromuscular  junction  abnormalities. 


Abbreviations;  AChE,  acetylcholinesterase;  ACh,  acetylcholine;  ATCh,  acetylthiocholine;  NMJ, 
neuromuscular  junction. 


3 


Introduction 

Mammalian  synapses  are  continuously  remodeled  to  adjust  to  growth  and  the  demands  of 
use  (Bums  and  Augustine,  1995;  Grinell,  1995).  Various  diseases  of  the  central  and  peripheral 
nervous  systems  that  are  associated  with  postnatal  or  adult-onset,  progressive  deterioration  reflect 
deficiencies  in  the  remodeling  processes  of  cholinergic  synapses.  Examples  include  Alzheimer  s 
disease  (AD)  (Coyle  et  al,  1983),  spinal  muscular  atrophy  (Crawford  and  Pardo,  1996),  Lambert- 
Eaton  disease  (Lambert  and  Elmqvist,  1971)  and  amyotrophic  lateral  sclerosis  (Robert  and 
Brown,  1995).  A  simple  model  to  explain  the  delayed-onset  of  pathology  in  these  degenerative 
conditions  views  the  decline  toward  disease  as  a  gradual  accumulation  of  damage  which  results  in 
pathology  when  it  passes  a  threshold.  In  such  a  model,  built-in  margins  of  safety  protect  the 
system,  and  hence  the  organism,  for  a  period  of  time  that  reflects  the  margins  of  safety.  An 
alternative,  or  supplemental  approach  to  understanding  late-onset  disease  is  to  postulate  the 
existence  of  mechanisms  that  adjust  the  levels  of  other  proteins  and  assure  normal  function  during 
embryonic,  postnatal,  and  young  adulthood  periods,  but  which  falter  or  fail  during  aging.  In  that 
case,  the  age  of  onset  will  depend  on  the  limits  of  adjustment  and  on  the  functional  integrity  of  the 
cellular  and  molecular  mechanisms  which  regulate  feedback  pathways.  To  distinguish  between 
these  possibilities  and  to  search  for  putative  age-limited  adjustment  mechanisms,  animal  models 
with  late-onset  nervous  system  defects  are  required. 

Imbalanced  cholinergic  neurotransmission  can  be  induced  in  animal  models  by 
acetylcholinesterase  (AChE)  over-production.  Changes  in  synaptic  AChE  density,  in  particular, 
are  predicted  to  modulate  synaptic  levels  of  acetylcholine  (ACh)  as  well  as  postsynaptic  miniature 
endplate  potentials  (mepps,  Anglister  et  al.,  1994).  Transient  overexpression  of  AChE  indeed 
exerts  a  morphogenic  effect  on  the  development  of  neuromuscular  junctions  (NMJ)  in  AChE- 
transgenic  Xenopus  embryos  (Seidman  et  al.  1995).  The  morphogenic  effects  of  overexpressed 
AChE  were  attributed,  at  least  in  part,  to  subtle  alterations  in  cholinergic  neurotransmission. 
However,  while  the  overall  normal  development  of  AChE-transgenic  tadpoles  suggested  that 
developing  NMJs  can  tolerate  some  deviation  from  normal  cholinergic  activity,  the  short  time 
course  of  those  experiments  (3-5  days)  precluded  an  investigation  into  the  long-term  effects  of 
deregulated  AChE  expression  on  neuromuscular  integrity  and  function.  To  this  end,  AChE- 
transgenic  mice  provide  an  intriguing  model  in  which  the  effects  of  chronic  AChE  excesses  can  be 
examined  in  depth. 

Transgenic  overexpression  of  acetylcholinesterase  (AChE)  in  cholinergic  brain  neurons  of 
transgenic  mice  promotes  late-onset  progressive  impailments  in  learning  and  memory  (Beeri  et  al., 
1995,  Beeri  et  al.,  1997)  as  well  as  in  neuromotor  fiinctioning  (Andres  et  al.,  1997).  The 
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cognitive  defects  observed  in  these  mice  could  potentially  reflect  a  cholinergic  deficit  which  is 
caused  by  excessive  hydrolysis  of  ACh  and  a  consequent  cholinergic  hypofiinction.  In  this  sense, 
the  adult-onset  loss-of-function  observed  in  AChE  transgenic  mice  can  serve  as  a  model  for  the 
loss  of  cholinergic  faculties  observed  in  Alzheimer’s  disease  (AD)  patients  (Coyle  et  al.,  1983). 
However,  the  neuromotor  deficiency  in  these  AChE-overexpressing  transgenic  mice  was  preceded 
by  changes  in  the  expression  of  both  choline  acetyl  transferase  and  neurexin  ip,  reflecting 
feedback  processes  affecting  non-cholinergic  functions  in  addition  to  the  cholinergic  ones  (Andres 
et  al.,  1997).  This,  in  turn,  predicted  changes  in  the  properties  and/or  cytoarchitecture  of  specific 
synapses  that  were  associated  with  the  delayed  onset  of  AChE-promoted  neurodeterioration  in 
these  transgenic  mice.  To  define  which  synapses  were  thus  affected,  we  have  undertaken  a 
comparative  ultrastructure  analysis  of  neuromuscular  junction  (NMJ)  and  cholinergic  spinal  cord 
axo-dendritic  synapses  in  the  AChE-transgenic  mice. 

Formation  of  NMJs  differs  from  that  of  inter-neuronal  synpases  in  that  it  involves  the 
differentiation  of  precisely  defined  domains  on  the  surface  of  muscle  fibers  (Hall  and  Sanes,  1993; 
Carbonetto  and  Lindenbaum,  1995).  h4ammalian  NMJ  formation  depends  on  several  important 
neuron-derived  proteins  including  agnn,  which  stimulates  the  formation  of  subneural  clusters  of 
ACh  receptors  (AChR)  and  AChE  (reviewed  by  Grinnell,  1995  and  Gautam  et  al.,  1996)  and 
neuregulin,  which  promotes  the  expression  of  several  of  the  AChR  subunit  genes  (Jo  et  al.,  1995, 
Carraway  and  Burden,  1995).  Experimental  elimination  of  either  of  these  proteins  drastically 
reduces  or  abolishes  NMJ  formation  during  embryogenesis  and  results  in  prenatal  or  perinatal 
death  (Gautam  et  al.,  1996,  Glass  et  al.,  1996).  Global  interference  with  NMJ  formation  has  also 
been  achieved  experimentally  by  genomic  disruption  or  overexpression  of  other  key  NMJ 
proteins,  CNTF  (Masu  et  al.,  1993),  laminin  p2,  (Noakes  et  al.,  1995),  GAP-43  (Aigner  et  al., 
1995),  rapsyn  (Gautam  et  al.,  1995),  and  MuSK  (Dechiarra  et  al.,  1996).  However,  the  early 
onset  and  severity  of  the  neuromuscular  defects  obtained  in  knock-out  studies  precludes 
investigation  into  the  role  of  these  molecules  in  the  long-term  maintenance  of  synaptic 
ultrastructure  and  function  during  adulthood. 

AChE-transgenic  mice  express  a  modest  excess  of  human  AChE  in  spinal  cord  but  not 
muscle  (Beeri  et  al.,  1995;  Andres  et  al.,  1997).  We  now  report  that  the  ultrastructure  of  spinal 
cord  cholinergic  synapses  is  largely  retained  in  spite  of  this  excess,  unlike  NMJs  of  AChE 
transgenic  mice  which  undergo  dramatic  cjrtoarchitectural  changes.  AChE-transgenic  mice  thus 
can  be  used  for  dissecting  the  molecular  and  cellular  chains  of  events  which  lead  from  AChE 
excess  toward  postnatal  neuromuscular  pathology.  Moreover,  they  can  be  employed  to 
differentiate  between  effects  of  impaired  cholinergic  neurotransmission  and  those  due  to  modified 
cell-cell  interactions.  Therefore,  they  may  establish  a  valid  paradigm  for  approaching  delayed- 


onset  human  diseases  of  environmental  and/or  multigenic  origin  that  are  associated  with  AChE 
overproduction. 

Experimental  Procedures 

Tissue  preparation  and  subcellular  fractionation:  AChE  transgenic  and  control  FVB/N  mice 
(2-3  months  old)  were  sacrificed  by  cervical  dislocation  and  tissues  were  rapidly  dissected,  firozen 
in  liquid  nitrogen  and  kept  at  -70°C  until  use.  Tissues  were  homogenized  using  a  Potter  Elvehiem 
homogenizer  and  extracts  were  successively  prepared  in  9  vol/weight  of  low  salt,  detergent  or 
high  salt  solutions  (low  salt  solution:  0.02  M  Tris  HCl,  pH  7.5,  0.05  MNaCl;  detergent  solution: 
0.01  Na  phosphate  buffer,  pH  7.4,  1%  Triton  X-100  (w/w);  high  salt  solution:  0.01  Na  phosphate 
buffer,  pH  7.4,  1  M  NaCl),  all  with  2  mM  EDTA,  5  pg/ml  leupeptin  and  10  pg/ml  aprotinin. 
Homogenates  were  centrifuged  in  a  Beckman  TL100.2  rotor  at  400,000g  for  10  min.  The 
supernatants  of  each  solution  contained  the  low  salt-soluble,  detergent-soluble  and  high  salt- 
soluble  fractions  of  AChE,  respectively. 

Determination  of  cholinesterase  specific  activities  and  protein  concentrations: 
Cholinesterase  activities  were  measured  according  to  EUman  et  al.  (1961)  in  96  well  Nunc 
(Roskilde,  Denmark)  plates,  in  a  final  volume  of  200  pi.  Incubations  of  20  min  in  solutions 
containing  either  BW  284  C  51  (l,5-bis(4-allyldimethyl-ammoniumphenyl)pentan-3-one- 
dibromide)  at  10"’  M  or  iso-OMPA  (isopropylpyrophosphoramide)  at  lO"^  M  were  used  to  inhibit 
AChE  and  butyrylhcholinesterase  (BuChE)  activities,  respectively.  Activities  are  expressed  in 
nmol  of  acetylthiocholine  (AcSCh)  hydrolyzed/min/mg  protein.  Protein  concentrations  were 
determined  by  the  method  of  Bradford  (1976),  using  bovine  serum  albumin  (BSA)  as  standard. 
Sucrose  gradient  centrifugation;  Ten  ml  linear  sucrose  gradients  (4-20%  w/w)  were  prepared  in 
0.01  M  Tris-HCl  buffer,  pH  7.4,  1  M  NaCl,  1  mM  EGTA  and  1%  Triton  X-100.  AChE 
containing  solutions  (200-250pl)  were  deposited  on  the  top  of  the  gradients  with  20  pi  of  catalase 
as  a  sedimentation  marker  (11.4  S).  Centrifugation  was  performed  in  a  Beckman  SW  41  rotor  at 
37,000g  for  17  h.  After  centrifugation,  gradients  were  firactionated  and  cholinesterase  activities 
measured.  Catalase  (1 1.45)  was  localized  by  determining  absorption  at  405  nm. 

Binding  to  antibodies:  Anti- AChE  monoclonal  antibodies  (AC  101.1,  Seidman  et  al.,  1995) 
raised  against  bovine  brain  AChE  and  which  recognize  human  but  not  mouse  AChE  (Liao  et  al., 
1992)  were  bound  overnight  at  4  °C  to  96-well  Nunc  Maxisorb  plates  (5  pg/ml  antibody  in  100 
pl/well  of  0.1  M  Na  bicarbonate  buffer,  pH  9.6).  Non-specific  binding  sites  were  blocked  by  1  h 
incubation  in  3%  BSA  in  phosphate-buffered  saline  containing  0.05%  Tween  20  (PBS-T)  at  37°C. 
Coated  plates  were  kept  at  4®C  with  PBS-T  until  use.  Tissue  extracts  (20  pi,  prepared  as 
described  above)  or  sucrose  gradient  fractions  were  then  added  for  overnight  incubation  at  4  "C 
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with  80  |j,l  of  PBS-T.  Wells  were  washed  3  times  with  PBS-T  and  bound  AChE  activity  was 
assayed  as  above. 

Staining  procedures:  For  structural  NMJ  analyses,  diaphragm  muscles  from  mice  sacrificed  by 
cervical  dislocation  were  fixed  in  situ  by  repeated  (5  min,  room  temp.)  application  of  fresh  4% 
paraformaldehyde,  0.1%  glutaraldehyde  solution  in  PBS.  Fixed  diaphragm  was  then  dissected, 
refixed  for  2  h  and  kept  at  4  °C  in  PBS  until  used  for  cytochemical  AChE  staining  (Beeri  et  al., 
1995).  When  staining  with  0.1%  methylene  blue,  tissues  were  similarly  handled.  Diaphragm 
regions  rich  in  NMJs  were  dissected  into  rectangles  of  about  3x5  mm,  immobilized  on  glass 
slides  and  photographed  in  a  Zeiss  Axioplan  microscope  at  200-fold  magnification.  Sections  of 
cervical  spinal  cord  (50  pm,  paraformaldehyde-glutaraldehyde  fixed)  were  stained  for  30  min  and 
thiocholine  precipitates  observed  by  electron  microscopy  in  80  nm  cut  stained  sections  (Seidman 
et  al.,  1995).  Control  experiments  on  sections  from  transgenic  spinal  cord,  with  no  ATCh  verified 
that  these  electron-dense  deposits  were  indeed  reaction  products  of  in  situ  AChE  catalysis- 
mediated  hydrolysis  of  the  substrate.  Morphometric  measurements  were  performed  as  detailed 
previously  (Seidman  et  al.,  1995)  using  the  Sigma  Scan  program  (Jandel,  Hamburg,  Germany). 
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Results 

Axo-dendritic  cholinergic  spinal  cord  synapses  display  subtle  changes  under  excess  AChE 
accumulation:  Cytochemical  staining  for  AChE  activity,  of  axo-dendritic  cholinergic  synapses  in 
the  ventral  horn  of  the  spinal  cord,  revealed  that  synaptic  areas  occupied  by  electron  dense  AChE 
reaction  products  (Table  I  and  Fig.  1)  were  7-fold  larger  in  transgenic  as  compared  with  control 
spinal  cord  sections,  indicating  synaptic  accumulation  of  transgene-derived  enzyme.  Presynaptic 
areas  occupied  by  vesicles  were  smaller  in  transgenic  synapses  than  in  control  terminals,  whereas 
vesicle  density  was  higher  in  transgenic  synapses  as  compared  with  controls  (Table  I).  However, 
neither  of  these  differences  was  statistically  significant.  Also,  transgenic  and  control  synapses 
exhibited  generally  similar  axon  diameters,  pre-synaptic  lengths  and  numbers  of  adjacent 
mitochondria  (Table  I  and  data  not  shown).  Thus,  increased  synaptic  AChE  only  changed 
morphometric  parameters  of  cholinergic  axo-dendritic  synapses  in  a  subtle  manner. 

Globular  human  AChE  tetramers  are  found  in  muscle  and  spinal  cord:  Human 
ACHEmRNA  is  produced  in  spinal  cord,  but  not  muscle  of  adult  ACHE  transgenic  mice  (Andres 
et  al.,  1997).  This  finding  corroborates  previous  analyses  which  demonstrated  expression  of  the 
transgene,  including  596  bp  of  the  native  human  ACHE  promoter,  in  the  central  nervous  system 
but  not  in  peripheral  target  organs  (Beeri  et  al.,  1995).  To  characterize  the  biochemical  properties 
of  transgenic  AChE,  we  subjected  detergent-soluble  spinal  cord  and  muscle  extracts  to  sucrose 
density  centrifugation.  AChE  activity  in  spinal  cord  extracts  from  transgenic  animals,  255  nmol 
ATCh  hydrolyzed/min/mg  protein,  was  ca.  25%  higher  than  that  of  control  animals.  This 
difference  could  be  attributed  to  AChE  of  human  origin.  The  transgenic  enzyme  was  evenly 
distributed  between  the  low  salt-soluble  and  the  detergent-soluble  fi-actions  (data  not  shown).  No 
hAChEmRNA  was  found  in  muscle,  and  no  significant  increment  was  observed  in  total  muscle 
AChE  activities  (33.4  ±  6.9  nmol/min/mg  protein  in  6  control  animals,  vs  35.9  ±  1.3  in  7 
transgenics).  However,  6%  of  total  muscle  AChE  activity  was  contributed  by  the  transgene  as  it 
reacted  with  human-specific  antibodies  (Fig.  2;  Seidman  et  al.,  1995). 

Linear  sucrose  gradient  centrifugation  followed  by  measurement  of  AChE  activities 
revealed  that  the  detergent-soluble  AChE  in  the  spinal  cord  consisted  mainly  of  globular  tetramers 
(G4),  with  minor  fi'actions  of  monomers  (Gi)  and  dimers  (G2).  The  G4  enzyme  peak  in  the  spinal 
cord  of  transgenic  mice,  18%  of  which  was  of  human  origin,  was  considerably  higher  than  in 
controls  (Fig.  2A,B).  Unlike  the  spinal  cord,  detergent-soluble  AChE  in  muscle  extracts  firom 
control  animals  was  composed  of  approximately  equal  parts  of  globular  monomers  and  tetramers 
(Gi  =  G4),  whereas  the  G4;Gi  ratio  was  2-fold  higher  in  transgenics  (Fig.  2C,D).  This  excess  of 
AChE  tetramers  could  reflect  transport  from  spinal  cord  motoneurons.  There  were  only 
negligible  quantities  of  multimeric  asymfmetric  forms  of  AChE  in  the  transgenic  muscle:  within 
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the  high  salt  fraction,  less  than  5%  of  AChE  activity  sedimenting  as  A12  multimers  were  bound  to 
AC  10 1.1  antibodies.  Whereas  muscle  is  known  to  contribute  the  collagen-tailed  synaptic  AChE 
forms  which  are  soluble  in  high  salt  solution  (Massoulie  et  al.,  1993),  our  present  findings 
therefore  suggest  that  a  significant  fraction  of  the  detergent-soluble  globular  AChE  tetramers  in 
mammalian  in  a  muscle  may  be  of  neuronal  origin,  similar  to  the  situation  in  amphibia  (Anglister, 
1991).  They  further  support  the  notion  that  exercise-induced  increases  in  muscle  G4  AChE.  may 
be  mediated  in  part  by  motoneuron  transcriptional  response  (Sveistrup  et  al.,  1995). 

Motor  Endplates  of  transgenic  animals  undergo  dramatic  morphological  changes: 
Diaphragm  endplates  from  AChE  transgenic  mice  were  60%  larger,  on  average,  than  controls 
(Table  II).  Over  half  of  transgenic  but  only  10%  of  control  endplates  were  larger  than  600  pm^. 
This  increase  reflected  general  structural  changes,  as  it  was  observed  both  with  the  non-specific 
dye  methylene  blue  and  followng  cytochemical  staining  for  active  AChE  (Table  H).  Moreover, 
82%  of  161  transgenic  endplates  failed  to  display  the  classical  pretzel  boundaries  (Lyons  and 
Slater,  1991)  found  in  82%  of  172  control  endplates  (for  4  animals  in  each  case).  Rather, 
transgenic  endplates  acquired  a  simple  elipsoid  aspect  (Andres  et  al.,  1997).  Also,  muscle  fiber 
diameters  were  15%  larger  in  transgenics  compared  to  controls  (p<  0.005,  Student’s  t  test) 
(Table  H).  Similar  morphological  changes  were  also  found  in  hindleg  quadriceps  and  anterior 
tibialis  endplates  (not  shown). 

Electron  microscope  analyses  of  diaphragm  NMJs:  Morphometric  analyses  revealed  highly 
variable  NMJ  ultrastructure  in  transgenic  animals.  Similar  to  the  tendency  observed  in  spinal  cord 
neurons,  the  density  of  pre-synaptic  vesicles  was  significantly  higher  in  transgenic  as  compared 
with  control  NMJs  (Table  H).  Also,  although  the  mean  length  of  post-synaptic  folds  per  pm 
synapse  was  identical  between  the  two  groups,  the  variability  in  this  parameter  was  considerably 
higher  in  transgenics.  Only  7  out  of  16  analyzed  NMJs  in  transgenic  mice,  as  compared  with  11 
out  of  14  NMJs  in  control  mice,  possessed  average  length  post-synaptic  folds  (0.6  ±  0.05  pm/pm 
synapse  length,  Table  II).  Other  transgenic  NMJs  displayed  either  of  two  pathological  patterns, 
both  reported  in  NMJs  of  aged  humans  (Wokke  et  al.,  1990).  One  fourth  of  the  NMJs  in 
transgenic  mice  as  compared  with  only  7%  of  analyzed  control  NMJs  presented  highly 
exaggerated,  branched  and  densely  packed  post-synaptic  folds,  similar  to  those  which  occur  in  the 
Lambert-Eaton  syndrome  (Lambert  and  Elmqvist,  1971)  (average  of  0.87  ±  0.16  pm).  Another 
third  of  transgenic  NMJs,  but  only  14%  of  control  NMJs  possessed  short,  ablated  post-synaptic 
folds  (0.30  ±  0.07  pm)  which  resembled  those  of  myasthenia  gravis  patients  (Engel  and  Santa, 
1971).  The  changes  in  NMJ  morphology  that  we  observed  in  hAChE-transgenic  mice  imply 
modulations  in  the  input  of  cholinergic  signals  from  motoneurons  into  muscle,  the  ultimate  target 


of  the  motor  system. 
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Discussion 

Excess  human  AChE,  capable  of  inducing  late-onset  cognitive  and  neuroraotor 
deficiencies,  accumulates  in  transgenic  mice  in  both  axo-dendritic  spinal  cord  cholinergic  synapses 
and  NMJs.  While  the  morphology  of  AChE-overexpressing  spinal  cord  synapses  remained  largely 
unchanged,  NMJs  were  drastically  altered  by  the  transgenic  protein.  The  early  appearance  of 
nicotinic  AChR  and  AChE  clusters  on  the  muscle  surface  during  myogenesis,  their  aggregation  at 
presumptive  NMJ  sites,  and  the  acquisition  of  ACh  sensitivity  by  muscles  prior  to  NMJ  formation 
suggests  that  cholinergic  neurotransmission  plays  a  role  in  NMJ  biogenesis.  The  spontaneous 
release  of  ACh  by  outgrowing  motoneurons  as  they  encroach  upon  the  muscle  fibers  (Grinell, 
1995)  and  the  observation  that  ACh  may  exert  trophic  effects  on  neurite  outgrowth  (Zheng  et  al., 
1994)  further  strengthens  the  hypothesis  that  cholinergic  signaling  plays  a  formative  role  in  the 
establishment  and  maintenance  of  neuromuscular  connectivity.  Our  observations  of  delayed 
neuromotor  pathology  in  AChE  transgenic  mice  (Andres  et  al.,  1997)  suggest  that  developing 
NMJs  may  display  a  greater  capacity  to  adjust  to  cholinergic  imbalances  than  the  mature  adult 
function. 

Spinal  cord  cholinergic  synapses  appear  resistant  to  liAChE  overexpression:  Spinal  cord 
AChE  activities  in  the  transgenic  mice  were  increased  by  25%  over  control  activities.  However, 
cytochemical  staining  of  axo-dendritic  cholinergic  synapses  in  the  transgenic  spinal  cord  revealed 
up  to  7-fold  higher  AChE  activities  as  compared  to  control  synapses.  This  is  close  to  the  excess 
observed  in  NMJs  of  transiently  transgenic  Xenopus  tadpoles  which  express  the  same  ACHE 
transgene  (Ben  Aziz  et  al.,  1993,  Shapira  et  al.,  1994,  Seidman  et  al.,  1995),  suggesting  an  upper 
limit  for  AChE  excess  which  is  compatible  with  development  of  synaptic  infi-astructure. 
Interestingly,  characteristic  morphometric  parameters  of  spinal  cord  synapses  such  as  axon 
diameter,  pre-synaptic  length,  total  vesicle  number  and  mitochondria  density  remained  largely 
unchanged,  by  excess  AChE.  Although  the  space  occupied  by  pre-synaptic  vesicles  was  slightly 
reduced  and  vesicle  density  reciprocally  increased,  neither  of  these  changes  was  statistically 
significant.  This  indicates  that  unlike  disruption  of  P2-Iaminin  (Noakes  et  al,  1995),  altered 
AChE  levels  did  not  prevent  pre-synaptic  release.  Moreover,  the  difference  between  the  changes 
observed  in  spinal  cord  synapses  and  NMJs  demonstrated  that  the  latter  are  much  more  sensitive 
to  the  long-term  effects  of  AChE  excess  than  spinal  cord  synapses. 

Transgenic  model  to  neuromotor  deterioration:  Several  late-onset  amyotrophic  diseases  are 
associated  with  disturbed  cholinergic  transmission  and  progressive  neuromotor  detenoration  m 
the  adult.  For  example,  the  Lambert-Eaton  syndrome  is  associated  with  malfunctomng 
presjmaptic  calcium  channels  (Lambert  and  Elmqvist,  1971)  and  suppressed  ACh  release'  whereas 
myasthenia  gravis  involves  autoimmune  suppression  of  muscle  nicotinic  AChRs  (Engel  and  Santa, 
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1971),  and  amyotrophic  lateral  sclerosis  results  from  motoneuron  death  (Robert  and  Brown, 
1995).  While  each  of  these  syndromes  can  be  traced  to  a  single  molecular  origin,  their  long  term 
outcomes  clearly  reflect  accumulated  damage  due  to  secondary  and  tertiary  changes  in  additional 
nerve  and/or  muscle  components.  Our  present  findings  demonstrate  that  AChE  excess  per  se  may 
induce  neuromotor  deficiencies  associated  with  NMJ  malformation,  without  changing  the 
structure  of  spinal  synapses. 

Theoretical  calculations  based  on  synaptic  configurations  of  adult  frog  and  lizard  NMJs 
(Anglister  et  al.,  1994)  predicted  that  increasing  synaptic  AChE  concentration  by  up  to  2-fold 
should  carry  minimal  consequences  for  miniature  endplate  potentials.  However,  long-term  effects 
of  excess  AChE,  insufficient  feedback  responses  to  the  excessive  ACh  hydrolysis  or  non-catalytic 
activities  of  AChE  (Stemfeld  et  al.,  1997)  were  not  considered  in  that  model.  The  clearly 
abnormal  phenotypes  which  we  observe  are  associated  with  considerably  larger  AChE  excesses  in 
the  synaptic  microenvironment.  Thus,  our  findings  demonstrate  that  a  moderate  increase  in  the 
motoneuron  expression  of  AChE  is  sufficient  to  alter  not  only  NMJ  modes  of  development,  but 
also  carries  implications  for  its  long-term  function  and  structure.  The  increased  vesicle  density  m 
NMJs  of  adult  transgenic  mice  may  reflect  enhanced  pre-synaptic  release,  which  aleviates  some  of 
the  AChE  overexpression.  That  this  adjustment  is  insufficient,  is  clear  from  the  progressive 
muscle  deterioration  which  occurs  in  these  mice. 

Mouse  and  XaicpusNMJs  respond  similarly  to  transgenic  hAChE  expression.  Transgenic 
mice  displayed  generally  normal  motor  behavior  so  long  as  no  special  muscle  efforts  were 
required  of  them  (Andres  et  al.,  1997).  This  suggests  that  basal  level  NMJ  function  was 
sustained,  unlike  what  was  observed  when  32-laminin  was  changed  (Hall  and  Sanes,  1993). 
Nevertheless,  transgenic  spinal  cord  AChE  promoted  muscle  deterioration  in  adult  ammals,  even 
though  this  transgene  was  not  expressed  in  muscle.  The  reported  lack  of  AChE  in  the  basal  lamina 
of  malfunctioning  agrin  knock-out  mice  (Gautam  et  al.,  1996)  suggests  that  the  post-synaptic 
accumulation  of  AChE  occurs  secondarily  to  AChR  clustering,  which  is  subject  to  motoneuron 
control.  Considering  the  fact  that  NMJs  represent  less  than  0.1%  of  the  muscle  surface  (Hall  and 
Sanes,  1993),  the  6%  muscle  enzyme  of  human  origin  reflects  a  significant  accumulation  of  the 
motoneuron-derived  transgenic  enzyme  in  the  sjmaptic  microenvironment.  Yet,  neuromotor 
deterioration  occurred  only  after  the  cessation  of  neuronal  transcriptional  changes  (Andres  et  al., 
1997).  This  suggests  that  these  changes  alternated,  in  early  development,  the  transgene-induced 
cholinergic  imbalance. 

In  both  mouse  and  NMJs,  hAChE  overexpression  increased  the  size  of  transgemc 

NMJs  in  a  manner  dependent  on  pre-synaptic  expression  of  the  human  transgene  (Shapira  et  al., 
1994  and  the  present  report).  That  hAChE-expressing  NMJ  areas  were  enlarged  to  the  same 
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extent  in  these  two  evolutionarily  distant  species  supports  the  hypothesis  that  AChE  functions  as  a 
morphogenic  factor  in  vertebrate  NMJs,  and  may  reflect  a  limit  of  the  degree  to  which  viable 
NMJs  may  be  enlarged.  Exaggeration  of  post-synaptic  folds  also  occurs  in  the  Lambert-Eaton 
syndrome  (Lambert  and  Elmqvist,  1971),  where  the  functioning  of  pre-synaptic  Ca"^  channels  is 
impaired  and  hence  ACh  secretion  and  post-synaptic  receptor  activation  are  decreased.  Enhanced 
ACh  hydrolysis  due  to  excess  AChE  production  likely  decreases  activation  of  ACh  receptors  in  at 
least  some  of  the  nerve  terminals  of  our  transgenic  mice.  The  yet  more  severe  phenotype  of 
degenerated  post-synaptic  folds  appears  in  NMJs  of  myasthenia  gravis  patients,  where  post- 
synaptic  ACh  receptors  deteriorate  due  to  autoantibodies  (Engel  and  Santa,  1971).  It  therefore 
appears  that  both  phenotypes  reflect  primarily  changes  in  the  synaptic  activity  of  ACh  in  our  mice. 
AChE  overexpression  may  gradually  change  NMJ  properties:  Unlike  brain  synapses,  NMJs 
are  not  protected  from  the  environment  by  the  blood-brain  barner.  Therefore,  these  special 
synapses  are  frequently  subject  to  insults  by  various  endogenous  and  exogenous  toxic  compounds 
such  as  drugs  (i.e.  succinylcholine),  poisons  (i.e.  agricultural  insecticides)  and  constituents  of  the 
circulation  (i.e.  antibodies)  that  impair  their  cholinergic  balance  (see  Schwarz  et  al.,  1995  for  a 
recent  review).  Increases  in  ACh  release  were  recently  reported  in  bungaxotoxin-treated  rats, 
which  developed  myasthenia  gravis  symptoms  (Plomp  et  al.,  1995).  One  possible  explanation  for 
that  could  involve  enhanced  choline  acetyl  transferase  (ChAT)  production,  which  operates  as  a 
primary  feedback  mechanism  also  under  the  cholinergic  hypofiinction  in  embryonic  AChE 
transgenic  mice  (Andres  et  al.,  1997).  However,  the  capacity  for  this  compensation  in  the 
transgenic  mice  declines  with  age.  In  the  absence  of  excess  ChAT,  overexpressed  AChE  would 
reduce  ACh  levels  in  the  synaptic  cleft  of  transgenic  NMJs  and  limit  the  activation  of  post- 
synaptic  receptors.  The  outcome  would  parallel  the  Lambert-Eaton  syndrome,  with  limited  ACh 
release  due  to  malfunctioning  pre-synaptic  Ca^  channels.  This  postulates  the  appearance  of 
seemingly  functional  NMJs  with  increased  density  of  pre-synaptic  vesicles  and  prolonged, 
exaggerated  and  over-branched  post-synaptic  folds.  Yet  more  drastic  reductions  in  ACh  levels 
may  inactivate  post-synaptic  ACh  receptors,  parallel  to  the  autoimmune  blockade  of  such 
receptors  in  myasthenia  gravis.  This  may  explain  our  finding  of  degenerate  NMJs,  with 
characteristically  small  post-synaptic  folds  and  diffuse  ablated  structures.  Finally,  muscle  fiber 
denervation  should  elicit  reinnervation,  motor  unit  enlargement  and  NMJs  loss,  all  of  which  were 
seen  in  ACHE  transgenic  mice  (Andres  et  al.,  1997).  We  have  no  way  of  concluding  whether  a 
single  synapse  can  first  acquire  one  of  these  structural  phenotypes,  then  the  second  and  finally 
disappear  altogether.  However,  the  progressive  worsening  of  muscle  functioning  in  these  mice 
suggests  that  this  may  be  the  case. 
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Non-catalvtic  properties  of  AChE  mav  affect  NMJ  abnormalities: 

Accumulating  evidence  suggests  non-catalytic  activities  for  AChE,  especially  in  cell-cell 
interactions  (Layer  et  al,  1995,  Small  et  al.,  1995,  Stemfeld  et  al,,  1997).  It  is  conceivable  that 
such  properties,  apart  from  the  cholinergic  imbalance  induced  by  AChE  overexpression,  may 
affect  specific  synapses  in  different  manners.  Additional  animal  models  (for  example,  mice 
expressing  genetically  inactivated  AChE)  will  be  needed  to  explore  this  possibility. 
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Tables  and  Figures 

Table  1:  Morphometric  parameters  of  hAChE-expressing  spinal  cord  synapses 

Morphometric  parameters  were  derived  from  photographs  taken  using  light  or  electron 
microscopy  as  detailed  under  Experimental  Procedures  for  the  numbers  of  axo-dendritic 
cholinergic  synapses  from  the  anterior  spinal  cord  of  at  least  5  adult  control  and  transgenic  mice. 
Statistical  significance  (Student’s  t  test)  is  noted  wherever  relevant. 

Table  2:  Morphometric  parameters  of  hAChE-expressing  neuromuscular  junctions 

Morphometric  parameters  were  determined  as  detailed  in  Table  I  for  the  numbers  noted 
of  NMJs,  analysed  folds  or  muscle  fibers  from  the  diaphragm  muscle  of  control  and  transgenic 
mice. 

Fiaure  1;  AChE  overexpression  in  axo-dendritic  synapses  from  anterior  spinal  cord  of 
transgenic  mice.  Electron  micrographs  of  three  representative  synapses  from  transgenic  and 
control  (C)  mice  are  presented.  Acetylthiocholine  hydrolysis  products  representing  sites  of  AChE 
accumulation  appear  as  dark  crystals,  (add  arrowheads)  particularly  conspicuous  in  the  synaptic 
cleft  between  axons  (A)  and  dendrites  (D).  Size  bar  equals  1  pm. 

Fi2ure  2:  Transgenic  human  AChE  is  found  in  spinal  cord  and  muscle  homogenates. 
Detergent-soluble  homogenates  of  spinal  cord  and  muscle  were  fractionated  by  sucrose  gradient 
centrifugation  and  AChE  activity  determined  in  each  fraction  prior  to  (line)  or  after  binding  to  a 
specific  anti-human  AChE  monoclonal  antibody  (shaded  area)  (Seidman  et  al.,  1995).  Note  the 
different  activity  scales  for  spinal  cord  (left)  and  muscle  (right  hand  side).  Arrows  denote 
sedimentation  of  an  internal  marker,  bovine  catalase  (11.4  S).  Activity  peaks  reflecting  globular 
monomers,  dimers  and  tetramers  are  labeled  Gl,  G2  and  G4,  respectively.  Fractions  drawn  from 
the  top  of  each  tube  represented  by  fraction  No.  1. 


TABLE  I:  Morphometric  parameters  of  hAChE-expressing  anterior  spinal  cord  axo¬ 
dendritic  synapses 


Parameter 

Control 

Transgenic 

AChE  stained  area,  pm^ 

0.05  ±  0.04 

(43) 

0.34  ±0.90 

(47) 

P<0.03 

area  occupied  by 
vesicles,  pm^ 

0.47  ±  0.3 

(37) 

0.39  ±0.29 

(44) 

n.s. 

No.  of  vesicles/ji^ 

95.8  +  33.9 

(16) 

107.9  ±27.9 

(16) 

n.s. 

axon  minimal 
diameter,  jitm 

0.93  ±  0.34 

(44) 

n.s. 

axonic  mitochondria 
area,  lam^ 

0.23  ±0.13 

(37) 

0.19  ±0.1 

(31) 

n.s 

dendrite  minimal 
diameter, 

2.44  ±2.3 

(20) 

1.61  ±0.9 

(15) 

n.s. 

dendritic  mitochondria 

area,  |am 

0.52  ±0.52 

(19) 

0.35  ±0.21 

(13) 

n.s. 

TABLE  II:  Morphometric  parameters  of  hAChE-expressing  cholinergic  synapses 
expressing  neuromuscular  junctions 


Parameter 

Control 

Transgenic 

AChE  stained  area. 

Mm 

398  ±  136.4 

(90) 

625.6  ±227.7  100) 

P<0.001 

Methylene  blue 
stained  area, 

301  ±92.1 

(38) 

723.7  ±495.3  (33) 

P<  0.001 

Mean  length  of  post-synaptic 
folds/pm  NMJ 

0.56  ±0.12 

(14) 

0.65  ±  0.37  (16) 

n.s. 

No.  of  vesicles/pm^ 

122.5  ±30.7 

(12) 

161.4  ±41.8  (9) 

P<  0.02 

Muscle  fiber  diameter,  m^ 

30.8  ±7.45 

(69) 

35.6  ±5.17  (7.5) 

n.s. 
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Abstract:  In  a  search  for  behavioral,  neuroanatomical, 
and  metabolic  characteristics  of  Alzheimer’s  disease  that 
may  result  from  cholinergic  malfunction,  we  used  trans¬ 
genic  mice  overexpressing  acetylcholinesterase  (AChE) 
mRNA  and  active  enzyme  in  brain  neurons.  Mapping  by 
in  situ  hybridization  revealed  that  transgenic  and  host 
AChE  mRNAs  were  distributed  similarly.  In  a  Morris  water 
maze  working  memory  paradigm,  adult  transgenic  mice 
did  not  display  the  characteristic  Improvement  found  in 
control  mice  either  between  or  within  test  days  and  spent 
less  time  than  control  mice  in  the  platform  zone.  In  5- 
week-old  transgenic  mice,  the  basilar  dendritic  trees  of 
layer  5  pyramidal  neurons  from  the  frontoparietal  cortex 
were  essentially  as  developed  as  in  age-matched  con¬ 
trols.  However,  branching  totally  ceased  after  this  age, 
whereas  in  control  adults  it  continued  up  to  at  least  7 
months.  Therefore,  dendritic  arbors  became  smaller  in 
adult  transgenic  mice  than  those  of  controls.  Further¬ 
more,  the  average  number  of  spines  was  significantly 
lower  on  dendritic -branches  of  7-month-old  but  not  5- 
week-old  transgenics  as  compared  with  controls.  Binding 
of  tritiated  hemicholinlum-3,  a  blocker  of  the  high-affinity 
choline  uptake  characteristic  of  active  cholinergic  termi¬ 
nals,  was  over  twofold  enhanced  in  the  brain  of  trans¬ 
genic  mice.  In  contrast,  no  differences  were  observed  In 
the  mRNA  and  ligand  binding  levels  of  several  different 
subtypes  of  nicotinic  and  muscarinic  acetylcholine  recep¬ 
tors.  These  findings  suggest  that  three  different  hallmarks 
associated  with  Alzheimer’s  disease — namely,  progres¬ 
sive  cognitive  failure,  cessation  of  dendrite  branching  and 
spine  formation,  and  enhanced  high-affinity  choline  up¬ 
take — are  outcomes  of  cholinergic  malfunction.  Key 
Words:  Acetylcholinesterase — Alzheimer’s  disease — 
Choline  uptake — Dendritic  fields — Spines — Memory 
deficit. 

J.  Neurochem.  69,  2441-2451  (1997). 


Animal  models  for  studying  late-onset  disorders  as¬ 
sociated  with  cholinergic  deterioration  and  most  nota¬ 


bly  Alzheimer’s  disease  (AD)  should  display  progres¬ 
sive  deterioration  of  memory  and  learning,  as  well  as 
senile  plaques  and  neurofibrillary  tangles  (Price  et  al., 
1995),  a  hypofunctional  cholinergic  system  (Bierer  et 
al.,  1995),  and  breakdown  in  cortical  circuitry  related 
to  cell  and  synaptic  loss  (Davies  and  Maloney,  1976; 
DeKosky  and  Scheff,  1990;  Honer  et  al.,  1992;  Terry  et 
al.,  1992).  Aged,  cognitively  impaired  animal  models 
displayed  the  expected  behavioral,  neuroanatomical, 
and/or  neurochemical  changes  in  their  cholinergic  sys¬ 
tem  (Bartus  and  Uemura,  1979).  Several  physical  or 
pharmacological  modulations  also  resulted  in  loss  of 
cholinergic  synapses  and  impaired  memory  (Fischer 
et  al.,  1989;  Zhi  et  al.,  1995).  Subsequently  transgenic 
amyloid  precursor  protein  mouse  models  (Games  et 
al,  1995;  Hsiao  et  al.,  1995, 1996;  LaFerlaet  al.,  1995; 
Moran  et  al.,  1995)  demonstrated  development  of  amy¬ 
loid  (3  protein  deposits,  neuritic  plaques,  synaptic  loss, 
and  late-onset  spatial  memory  deficits.  However,  in 
AD,  amyloid  plaques  and  tangles  are  particularly  con¬ 
centrated  in  brain  regions  where  cholinergic  circuits 
operate  (Coyle  et  al.,  1983).  Also,  synaptic  loss  but 
not  the  presence  of  amyloid  plaques  or  neurofibrillary 
tangles  could  be  convincingly  correlated  with  cogni¬ 
tive  impairment  in  AD  (Terry  et  al.,  1992).  Yet,  corre¬ 
lation  between  high  levels  of  yS-amyloid  deposits  and 
progressive  severity  of  the  cognitive  defect  was  only 
shown  in  some  of  the  above  transgenic  models  (Hsiao 
et  al.,  1996).  Therefore,  it  remained  unresolved 
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whether  the  learning  deficits  in  these  mice  were  caused 
by  or  only  correlated  with  increased  brain  amyloid  (3 
peptide  levels  and  amyloid  depositions. 

In  AD,  structural  changes  in  brain  cholinergic  syn¬ 
apses  (DeKosky  and  Scheff,  1990)  are  associated  with 
loss  of  neuronal  nicotinic  binding  sites  (Nordberg  et 
al.,  1988),  with  death  of  acetylcholine  (ACh)-produc- 
ing  neurons  (Davies  and  Maloney,  1976;  Whitehouse 
et  al.,  1986),  and  with  the  consequent  disruption  of 
cholinergic  neurotransmission  (Coyle  et  al.,  1983;  Fi- 
biger,  1991).  The  resultant  hypocholinergic  condition 
is  characterized  by  a  relative  excess  of  the  ACh-hy- 
drolyzing  enzyme  acetylcholinesterase  (AChE).  To 
define  the  contribution  of  cholinergic  malfunction  to¬ 
ward  the  AD  phenotype,  we  have  recently  used  the 
authentic  promoter  from  the  human  ACHE  gene  in 
conjunction  with  the  AChE-coding  sequence  to  create 
transgenic  mice  expressing  human  AChE  in  CNS  neu¬ 
rons.  Manual  use  of  the  Morris  water  maze  revealed 
a  progressively  severe  decline  in  the  spatial  learning 
and  memory  capabilities  of  these  transgenic  mice 
(Beeri  et  al.,  1995).  It  was  therefore  of  interest  to 
dissect  carefully  the  learning  and  memory  impairments 
in  AChE-transgenic  mice  and  examine  in  them  which 
of  tire  morphometric  and/or  biochemical  correlates  of 
AD  can  be  causally  associated  with  cholinergic  mal¬ 
function. 

Cortical  neurons  in  normal  aged  humans  may  de¬ 
velop  longer  and  more  branched  dendritic  trees  than 
those  in  either  young  adults  or  individuals  with  senile 
dementia  (Buell  and  Coleman,  1981).  Cognitive  defi¬ 
ciencies  are  further  associated  with  dysgenesis  of  den¬ 
dritic  spines,  on  which  most  cortical  synapses  reside 
(Purpura,  1974;  Braak  and  Braak,  1985).  We  therefore 
wished  to  evaluate  the  state  of  dendrite  arborizations 
and  spine  density  in  adult  transgenic  mice  with  excess 
brain  AChE.  Also,  we  explored  the  transport  of  cho¬ 
line,  which  is  used  by  cholinergic  neurons,  both  for 
reforming  metabolized  membrane  phosphatidylcholine 
and  for  synthesizing  the  neurotransmitter  ACh.  The 
levels  of  the  high-affinity  Na"^ -dependent  choline 
transporter  unique  to  these  cells  can  be  quantified  using 
[^H]hemicholinium-3  (Vickroy  et  al,  1984).  The  con¬ 
centration  of  available  choline  is  the  rate-limiting  fac¬ 
tor  for  ACh  synthesis;  When  choline  is  in  short  supply, 
active  cholinergic  neurons  were  reported  to  sustain 
neurotransmission  at  the  expense  of  membrane  build¬ 
ing  (Wurtman,  1992).  Indeed,  cerebral  cortical  areas 
in  AD  brains  exhibited  marked  decreases  in  choline 
acetyltransferase  (ChAT)  activity  and  significant  en¬ 
hancement  in  [^H]hemicholinium-3  binding.  In  the 
.^D  frontal  cortex,  transporter  overexpression  ex¬ 
ceeded  the  level  that  is  needed  to  compensate  for  the 
loss  of  synaptic  terminals,  presumably  accelerating 
membrane  turnover  and  neurodegeneration  (Slotkin  et 
al.,  1994). 

In  the  search  for  behavioral,  morphological,  and  mo¬ 
lecular  comelates  common  to  AD  and  the  AChE-trans- 
renic  mice  we  used  video  imaging  to  assess  carefully 


the  memory  impairment  in  these  mice.  We  further  ex¬ 
amined  in  them  the  dendritic  branching  and  spine 
density  in  cortical  neurons,  the  mRNA  and  protein 
levels  of  ACh  receptors  (AChRs),  and  the  levels  of 
[■'H]hemicholinium-3  binding.  Our  findings  demon¬ 
strate  complex  cognitive  failure,  attenuated  dendrite 
branching,  decreased  spine  density,  and  imbalanced 
choline  metabolism  in  AChE-transgenic  mice,  with  all 
of  these  phenomena  being  attributed  to  AChE  excess 
and  the  associated  cholinergic  malfunction. 

MATERIALS  AND  METHODS 

Mice 

FVB/N  mice  carrying  human  AChE  cDNA  under  the 
control  of  586  bp  of  the  authentic  human  AChE  promoter 
were  constructed  and  identified  as  described  (Beeri  et  al., 
1995;  Andres  et  al.,  1997).  Age-  and  sex-matched  wild-type 
FVB/N  mice  served  as  controls. 

In  situ  hybridizations 

For  radioactive  in  situ  hybridization,  cryostat-cut  brain 
sections  were  hybridized  with  45-mer  oligodeoxynucleotides 
end-labeled  with  [o;-”P]dATP  (Boehringer-Mannheim, 
Germany),  according  to  the  manufacturer’s  recommenda¬ 
tions.  Prehybridization,  hybridization,  and  washings  were  as 
described  elsewhere  (Le  Novere  et  al.,  1996).  The  probes 
used  were  targeted  toward  rat  nicotinic  AChR  subunits 
a3,  4,  5,  and  7  and  /?2,  3,  and  4.  Discriminative  probes  of 
AChE  were  as  follows:  human  ACHE,  5'-GACACCAG- 
CACAGTCCTGTCGGCCTGTACCAAGAAGCGGCCA- 
TCG-3 ' ;  mouse  ACHE,  5  '-GATACCAACACAGCTCCC- 
TCAACCTGGGCCAGGAAACGGCCGTCA-3 '.  Genbank 
accession  numbers  for  the  sequences  targeted  by  these 
probes  are  L31621,  M15681,  J05231,  M8"5273,  L31622, 
J04636,  J05232,  M55040,  and  X56518,  respectively.  These 
sequences  can  be  electronically  retrieved  at  Le  Novere  and 
Changeux  (1995). 

High-resolution  nonradioactive  in  situ  hybridization  with 
2-D-methyl  biotinylated  mouse  AChE  cRNA  (exon  6), 
streptavidin— alkaline  phosphatase  conjugate,  and  fast  red 
substrate  was  performed  on  5-/um-thick  paraffin  brain  sec¬ 
tions  as  detailed  elsewhere  (Andres  et  al.,  1997).  Three 
sections  from  different  brain  levels  of  three  individual  mice 
(control  and  transgenic)  were  used. 

Morris  water  maze  test 

Mice  were  tested  in  a  circular  black  pool,  140  cm  in 
diameter  and  50  cm  high,  filled  to  the  height  of  24  cm  with 
water  (at  ~23°C).  The  pool  was  divided  by  imaginary  lines 
into  four  quadrants  of  equal  size  and  three  concentric  zones. 
A  black  painted  platform  was  placed  in  the  center  of  a  quad¬ 
rant  (in  the  middle  zone)  of  the  pool  with  its  top  surface 
(12  X  12  cm)  located  <1  cm  below  water  level.  The  pool 
was  placed  in  the  center  of  a  well-lit  room  with  ample  cues 
that  were  kept  constant  throughout  the  testing  period.  The 
performance  of  the  mice  was  monitored  by  a  video  tracking 
system  (HVS  IMAGE;  Ormond  Crescent,  Hampton,  U.K.), 
thus  enabling  detailed  analysis  of  the  swimming  pattern. 

Path  length,  latency  to  reach  the  platform,  and  swimming 
speed  were  simultaneously  recorded,  as  well  as  the  percent¬ 
age  of  time  spent  in  each  quadrant  and  zone.  Mice  were 
tested  in  two  successive  trials  (2  h  apart)  per  day.  Each  trial 
began  by  placing  the  mouse  on  the  platform  for  30  s,  after 
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which  it  was  placed  in  the  water  in  the  appropriate  location 
and  allowed  to  swim  and  find  the  platform  for  a  maximum 
of  2  min.  Within  each  pair  of  daily  trials,  the  platform  loca¬ 
tion  and  the  starting  point  were  the  same,  but  both  locations 
were  changed  each  day.  Improvement  within  each  pair  of 
trials  was  indicative  of  intact  working  memory,  whereas  im¬ 
provement  over  days  was  indicative  of  intact  reference  mem¬ 
ory  (Morris,  1984).  Data  were  statistically  analyzed  by  a 
three-way  ANOVA  (groups  X  days  x  trials,  with  repeated 
measures  on  the  last  two  factors)  performed  separately  on 
each  of  the  recorded  parameters.  F  test  for  simple  effects 
was  used  for  post  hoc  analysis. 

Golgi  staining,  Sholl  analysis,  and  spine  detection 

Brain  sections  after  fixation  with  10%  formalin  in  phos¬ 
phate-buffered  saline  were  stained  with  the  rapid  Golgi  tech¬ 
nique  as  detailed  elsewhere  ( Valverde,  1976) .  Sholl  analysis 
quantifies  the  number  of  intersections  of  the  dendritic 
branches  at  10-;zm  intervals  with  a  series  of  enlarging  circles 
with  the  origin  placed  at  the  center  of  the  soma  in  each 
neuron  (Sholl,  1953).  All  visible  flanking  denditic  spines 
were  counted  along  the  basilar  branches  of  the  layer  V  pyra¬ 
mids,  using  a  Zeiss  Axio  plan  microscope  with  a  63x  long- 
working  distance  objective,  a  2.0  intermediate  Optivar  mag¬ 
nifier  lens,  and  a  lOX  eyepiece  (final  magnification, 
XI, 260). 

Reverse  transcription-polymerase  chain  reaction 
(RT-PCR) 

Brains  were  removed  from  homozygous  transgenic  mice 
and  control  mice  after  cervical  dislocation.  RNA  extraction 
and  semiquantitative  RT-PCR  amplifications  were  per¬ 
formed  as  detailed  elsewhere  (Andres  et  al.,  1997)  with  65°C 
as  the  annealing  temperature.  PCR  primers  were  designed 
at  nucleotides  375  (  +  )  and  1,160  (  —  )  of  the  mouse  AChE 
gene,  83  (  +  )  and  646  (-)  of  the  mouse  ChAT  gene,  212 
(  +  )  and  660  (-)  of  the  rat  synaptophysin  gene,  371  (  +  ) 
and  840  ( — )  of  the  human  cardiac  L-type  calcium  channel 
al  subunit  gene,  130  (  +  )  and  519  (  — )  of  the  mouse  Ml 
muscarinic  AChR  gene,  and  181  (-1-)  and  600  (-*-)  of  the 
rat  neuronal  nicotinic  AChR  a4  subunit  gene.  Genbank  ac¬ 
cession  numbers  for  these  are  X56518,  D 12487,  X06177, 
L29536,  and  M15681,  respectively.  Resultant  PCR  products 
obtained  from  similar  amounts  of  RNA  were  removed  at 
intervals  of  three  PCR  cycles  and  electrophoresed  on  agarose 
gels. 

Ligand  binding  experiments 

Binding  experiments  were  performed  in  triplicate  fresh 
14-//m-thick  cryostat-cut  brain  sections  on  gelatin-coated 
slides  from  five  brain  levels  and  two  to  four  individual  brains 
from  each  age  group. 

Muscarinic  agonists.  Sections  were  preincubated  for  15 
min  in  120  mM  NaCl,  1.2  mM  KH2PO4,  5.6  mM  glucose, 
25  mM  NaHCOs,  2.5  mM  CaCh,  and  4,7  mM  KCL  pH  7.4. 
Incubation  was  for  60  min  at  room  temperature  in  the  same 
buffer,  in  the  presence  of  10  nM  [N-;77^//n7-''H]pirenzepine 
(NEN)  for  Ml  receptors  or  [2,3-^/pr^?/?yton//ic?-"H]  AF-DX 
384  (NEN)  for  M2  receptors.  Sections  were  washed  three 
times  for  4  min  each  at  4°C  with  50  mM  Tris-HCl  (pH  7.4) 
and  were  exposed  for  2  weeks  to  tritium-sensitive  Hyperfilm 
(Amersham,  U.K.). 

Nicotinic  agonists.  a-Bungarotoxin:  Sections  were  incu¬ 
bated  for  30  min  at  room  temperature  in  50  mM  Tris-HCl 
and  1  mg/ml  bovine  serum  albumin  and  120  min  in  the 


presence  of  1.4  nM  [ ‘""I-Tyr'-'Ja-bungarotoxin  (NEN). 
Washing  was  six  times  for  30  min  at  4°C  with  50  mM  Tris, 
pH  7.4.  Exposure  was  for  2  days.  Nicotine:  Sections  were 
incubated  for  30  min  at  room  temperature  in  50  mM  Tris 
(pH  7.4),  8  mM  CaCh.  and  4  nM  [''H]nicotine  (Amersham, 
U.K.),  followed  by  two  washes  of  2  min  in  ice-cold  50  mM 
Tris  and  one  brief  wash  with  ice-cold  water  and  exposure 
for  60  days.  Cytisine:  Sections  were  incubated  for  30  min 
at  room  temperature  in  50  niM  Tris  (pH  7.4)  and  2  nM 
[^H] cytisine  (NEN).  Washes  and  exposure  were  as  for  nico¬ 
tine.  Epibatidine:  Sections  were  incubated  for  30  min  at 
room  temperature  in  50  mM  Tris  (pH  7.4)  and  0.2  nM 
[^H] epibatidine  (NEN).  Washes  and  exposure  were  as  for 
nicotine.  Hemicholinium:  Sections  were  incubated  for  60 
min  in  33  mM  NaCl  and  50  mM  Tris-HCl  in  the  presence 
of  15  nM  [/;n?r/2\7-^H]hemicholinium-3  diacetate  salt  (NET- 
884;  Du  Pont  NEN)  at  4°C,  followed  by  six  washes  of  1 
min  each  with  50  mM  Tris  buffer  at  4°C  and  exposure  for 
2  weeks. 

Binding  was  quantified  with  Densitometria,  a  package  of 
image  analysis  developed  by  one  of  us  (N.L.N.),  with  a 
high-resolution  Hammamatsu  CCD  camera  and  an  Imaging 
Technology  acquisition  card.  For  each  animal,  several  im¬ 
ages  from  the  same  area  were  digitalized.  On  each  section 
the  mean  gray  value  (MGV)  of  the  structures  and  of  the 
corpus  callosum  (taken  as  the  background)  were  recorded. 
Optical  density  (OD)  was  computed  for  each  value  as 

OD  =  In  (MGVbackground/MGVtotal)  ■ 

RESULTS 

Transgenic  AChE  accumulates  in  perikarya  and 
processes  of  neostriatal  cholinergic  neurons 

Neurons  from  different  regions  in  brain  sections 
from  FVB/N  transgenic  mice  carrying  the  human 
ACHE  gene  (Been  et  al,  1995)  and  control  sex-  and 
age-matched  nontransgenic  FVB/N  mice  were  ana¬ 
lyzed  for  AChE  mRNA  and  enzyme  activity.  Radioac¬ 
tive  in  situ  hybridization  using  a  human-specific  oligo- 
deoxynucleotide  probe  and  a  matching  mouse-specific 
probe  (Fig.  1)  revealed  expression  of  the  transgene  in 
the  same  brain  regions  where  endogenous  murine 
AChE  mRNA  is  expressed.  This  corresponded  to  the 
maps  derived  for  AChE  mRNA  distribution  in  rat  brain 
(Hammond  et  al.,  1994).  High-resolution  in  situ  hy¬ 
bridization  was  performed  with  a  2-(9-methylated,  5'- 
biotinylated  AChE  cRNA  probe  and  subsequent  deco¬ 
ration  by  streptavidin- alkaline  phosphatase  conjugates 
and  corresponding  enzyme  staining  (Fig.  2A-D).  In¬ 
tensified  labeling  was  observed  in  both  perikarya  and 
apical  processes  of  cholinergic  brain  neostriatal  neu¬ 
rons  of  transgenic  mice  (Fig.  2B)  as  compared  with 
controls  (Fig.  2A).  In  the  parietal  cortex,  excess  stain¬ 
ing  was  concentrated  in  perikarya  (compare  Fig.  1C 
and  D).  Cytochemical  staining  further  revealed  higher 
AChE  activity  in  transgenic  neostriatal  cell  bodies  and 
processes  (Fig.  2F)  than  in  neostriatal  neurons  of  con¬ 
trol  mice  (Fig.  2E).  AChE  expression  levels  showed 
no  age-related  differences  (data  not  shown),  sug¬ 
gesting  that  cholinergic  neurons  in  AChE-transgenic 
mice  are  continuously  subject  to  the  insult  involved  in 
hypocholinergic  functioning. 
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murine  AChE 


human  AChE 


FIG.  1.  Transgenic  human  AChE  mRNA  is  coexpressed  with  host  mouse  AChE  mRNA,  shown  by  in  situ  hybridization  of  the  murine 
and  human  AChE  mRNA  in  control  (C)  and  transgenic  (T)  mice.  Note  the  small  dots  in  the  striatum  of  the  sections  hybridized  with 
the  probe  for  the  endogenous  AChE,  which  represent  the  striatal  cholinergic  interneurons. 


Impaired  performance  in  the  Morris  water  maze 
To  dissect  the  progressive  cognitive  impairment  that 
was  initially  identified  in  these  mice  by  manual  follow¬ 
up  of  the  Morris  water  maze  (Beeri  et  al.,  1995),  5~ 
month-old  AChE-transgenic  (n  =  11)  and  control  (n 
=  19)  mice  were  compared  in  the  Morris  water  maze 
by  video  imaging  and  dedicated  software.  Control  mice 
showed  a  gradual  decrease  in  the  mean  latency  to  reach 
the  platfonn  over  days,  indicating  intact  reference 
memory  (Fig.  3A).  In  contrast,  transgenic  mice  failed 
to  show  improvement  over  time  (group  X  days  effect, 
F4.10S  =  5.92,  p  <  0.001),  which  suggests  impaired 
reference  memory  (Fig.  3C).  In  addition,  control  mice 
showed  a  mild  improvement  in  the  overall  performance 
of  the  second  trial  as  compared  with  the  first  one  within 
the  same  day  (this  limited  improvement  may  result 
from  the  long  delay  between  the  two  trials).  Trans¬ 
genic  mice  showed  no  such  improvement  within  the 
daily  trials  (group  X  trials  effect,  F1.27  =  4.14,  p 
=  0.05),  suggesting  an  impaired  working  memorj^  (Fig. 
3 A  and  C).  Transgenic  mice  were  further  significantly 
different  from  control  mice  in  their  mean  swimming 
speed  (group  main  effect,  =  17.7,/;  <  0.001;  Fig. 
3B  and  D).  Because  this  speed  difference  between  the 
groups  remained  constant  throughout  the  test  period, 


it  cannot  account  for  the  increased  difference  in  latency 
performance  between  the  two  groups,  which  developed 
over  time.  Rather,  this  physical  parameter  probably 
reflects  the  progressive  neuromotor  decline  displayed 
by  these  mice  (Andres  et  al.,  1997). 

Control  animals  showed  improved  search  strategy 
seen  as  an  increase  in  the  time  spent  in  the  concentric 
middle  zone,  where  the  platform  was  located  (Fig. 
3E).  No  such  increase  was  seen  in  the  group  of  trans¬ 
genic  mice  (Fig.  3E;  group  main  effect,  Fx^i  —  20.7, 
p  <  0.001),  which  showed  a  significant  tendency  to 
remain  near  the  pool  wall,  i.e.,  thigmotaxis  (Fig.  3F; 
group  main  effect,  Fx^i  —  9.61,  p  <  0.001).  The  thig¬ 
motaxis  may  reflect  higher  sensitivity  to  stress.  Com¬ 
bined  effects  of  memory  impairment  and  increased 
sensitivity  to  stress  were  also  demonstrated  in  the  cho- 
linergically  impaired  WKY  rat  strain  (Grauer  and  Ka- 
pon,  1993). 

Attenuated  dendritic  branching  and  reduced 
spine  numbers  in  midaged  human  promoter 
AChE-transgenic  mice 

Assessment  of  dendritic  branching  of  Golgi-impreg¬ 
nated  cortical  neurons  was  carried  out  in  7-month-old 
and  5-week-old  transgenics  and  age-matched  controls 
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FIG.  2.  AChE  overexpression  in  neostriatat  neurons. 
Upper  and  middle  panels:  AChE  mRNA.  Presented 
are  paraffin-embedded  neostriatum  (A  and  B)  and 
cortex  sections  (C  and  D)  from  control  (A  and  C) 
and  transgenic  (B  and  D)  mice  following  in  situ  hy¬ 
bridization  with  a  5 '-biotinylated  AChE  cRNA  probe 
detecting  both  mouse  and  human  AChE  mRNA. 
Lower  panels:  Active  AChE.  Presented  are  floating 
Vibratome-cut  sections  cytochemically  stained  for 
acetytthiocholine  hydrolysis  from  (E)  control  and  (F) 
transgenic  mice.  Because  of  the  different  treatments 
involved  in  these  two  procedures,  the  neurons  ap¬ 
pear  somewhat  shrunken  in  the  paraffin-embedded 
sections.  Judging  by  the  heavier  staining  in  neurons 
from  transgenic  mice  as  compared  with  controls, 
both  cell  bodies  and  apical  processes  of  neostriatal 
neurons  contain  both  the  human  mRNA  and  its  hu¬ 
man  enzyme  product.  Sites  of  heavy  staining  are 
denoted  in  neuronal  processes  by  thin  arrowheads 
and  in  cell  bodies  by  thick  arrowheads.  Bar  =  10  /^m. 


Control  Transgenic 


( four  animals  per  group ) .  Figure  4 A  presents  examples 
of  such  Golgi  staining.  Camera  lucida  drawings  of  the 
basilar  tree  of  nine  randomly  selected  layer  V  pyrami¬ 
dal  cells  from  the  frontoparietal  cortex  of  each  group 
(see  examples  in  Fig.  4B)  were  further  evaluated  by 
Sholl  analysis.  The  dendritic  arbors  in  7-month-old 
control  brains  were  slightly  larger  than  those  of  5- 
week-old  controls  (p  0.6),  whereas  dendritic  arbors 
of  transgenic  neocortical  pyramidal  neurons  were 
smaller  in  7-month-old  animals  (p  ^  0.060)  than  in 
5-week-old  ones.  The  combined  effects  of  the  upward 
age-related  small  shift  in  the  controls  and  greater 
downward  shift  in  the  transgenics  resulted  in  signifi¬ 
cant  differences  between  dendritic  domains  of  neurons 
from  the  7-month-old  transgenic  and  control  mice  (n 
=  36;  p  <  0.01 1  using  a  Gaussian  approximation;  Fig. 
4C  and  Table  1).  AChE  overexpression  therefore  had 
a  detrimental  effect  on  maintenance  ot  the  dendritic 
arbor.  The  onset  of  this  effect  coincided  with  the  onset 
of  the  progressive  cognitive  failure  in  these  transgenic 


mice  (Beeri  et  aL,  1995),  suggesting  a  causal  relation¬ 
ship  between  these  two  AD-characteristic  phenomena 
(Buell  and  Coleman,  1981;  Katzman,  1986). 

Dendritic  spines  of  the  basilar  tree,  which  represent 
the  loci  for  the  vast  majority  of  all  synaptic  input  to 
the  neuron,  were  counted  along  the  entire  dendritic 
branch  (from  the  terminal  tips  to  first-order  branches) 
of  three  to  five  branches  per  randomly  selected  seven 
neurons  per  brain.  As  seen  in  Table  1,  in  comparison 
with  age-matched  controls  the  5-week-old  transgenic 
mice  showed  no  significant  differences  in  the  average 
number  of  spines  per  basilar  tree.  In  contrast,  neurons 
from  the  7-month-old  cognitively  impaired  transgenic 
mice  had  significantly  fewer  spines  (p  ^  0.040)  in 
comparison  with  those  from  7-raonth-old  controls  (Ta¬ 
ble  1).  By  7  months,  the  number  of  spines  in  control 
mice  increased  by  10%  from  that  of  5  weeks,  whereas 
in  transgenics  it  decreased  by  15%  (Table  1 ).  This  led 
to  a  highly  significant  difference  in  the  total  number 
of  dendritic  spines  per  cell  (p  <  0.0055  by  unpaired 
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t  test).  Figure  4D  presents  examples  for  the  reduced 
spine  number  in  adult  but  not  young  transgenic  neu¬ 
rons. 

No  apparent  adjustment  in  cholinergic  receptors 

Reduction  in  levels  of  nicotinic  AChRs  has  been 
reported  in  AD  (Whitehouse  et  al.,  1986;  Nordberg  et 
al.,  1988;  Perry  et  ah,  1995).  Therefore,  we  examined 
in  AChE-transgenic  mice  the  protein  and  mRNA  levels 
of  several  AChR  subtypes.  Also,  we  considered  other 
potential  levels  for  up-regulating  receptor  binding  ca¬ 
pacities,  e.g.,  translation  efficiency,  protein  stability, 
and  allosteric  modulation  of  binding  properties  (Heid- 
mann  and  Changeux,  1978).  To  this  end,  the  binding 
levels  of  different  nicotinic  and  muscarinic  agonists 
were  examined  in  frozen  coronary  brain  sections  from 
transgenic  and  control  mice. 

Levels  of  mRNA  for  neuronal  nicotinic  AChR  a3- 
5,  al,  and  /?2-4  subunits  were  examined  by  in  situ 
hybridization  to  coronary  brain  sections  from  several 
brain  regions  of  4-week-,  5-month-,  and  11-month- 
old  transgenic  and  control  mice.  Hybridization  signals 
revealed  no  apparent  difference  in  signal  localization 
and  intensity  between  control  and  transgenic  mice  of 
all  ages  (Fig.  5  and  data  not  shown).  In  addition, 
semiquantitative  RT-PCR  analyses  revealed  similar 
levels  of  the  mRNAs  for  nicotinic  AChR  a4  and  Ml 
muscarinic  AChR  mRNAs  in  control  and  transgenic 
brains  (data  not  shown).  Binding  levels  of  [N-methyl- 
['"HJpirenzepine  and  [2,3-dipropylamino-^H]AF-DX 
384  reflected  Ml  and  M2  muscarinic  AChRs,  respec¬ 
tively.  Binding  of  ‘"^I-a-bungarotoxin  revealed  the  al- 
containing  nicotinic  AChR,  and  [‘"‘H]  nicotine,  [^H]- 
cytisine,  and  [^HJepibatidine  detected  Qf2-6,  p2-4- 
containing  nicotinic  AChRs.  All  remained  unchanged 
in  both  young  and  old  transgenic  mouse  brains  as  com¬ 
pared  with  controls  (Fig.  5  and  data  not  shown). 

Although  the  methods  we  used  to  assess  receptor 
production  and  binding  capacities  would  probably 
overlook  minor  modifications,  these  analyses  gave 
clear  indication  for  the  lack  of  major  changes  in  the 
transcription  and/or  stability  of  the  mRNA  for  several 
nicotinic  AChRs  and  muscarinic  AChR  subunits  as 
well  as  in  their  corresponding  protein  products.  That 
most  of  the  nicotinic  AChR  and  muscarinic  AChR 
subunits  were  present  in  the  AChE-transgenic  brain  in 
normal  levels  and  binding  capacities  and  the  presence 
of  unmodified  levels  of  neuronal  nicotinic  receptor 
subunits  in  /?2  nicotinic  AChR  knockout  mice  (Picci- 
otto  et  al.,  1995)  therefore  supports  the  notion  that 
the  transcriptional  and/or  posttranscriptional  control 
of  AChR  production  is  not  associated  with  cholinergic 
imbalance  processes  in  the  mammalian  brain. 

Enhanced  levels  of  high-affinity  choline 
transporter  in  transgenic  mouse  brain 

We  examined  whether  changes  occuired  in  choline 
uptake  by  incubating  coronal  brain  sections  with 
hemicholinium-3,  the  effective  blocker  of  the  high- 
affinity  Na^ -dependent  choline  transporter  (Vickroy 


FIG.  3.  Impaired  performance  of  adult  transgenic  mice  in  £ 
working  memory  procedure  in  the  water  maze.  Improved  mear 
SEM  (bars)  latency  to  reach  the  platform  in  trial  1  in  contro 
(n  =  19;  A)  as  compared  with  transgenic  (n  =  11;  C)  mice 
indicates  changes  in  reference  memory.  Improved  performance 
in  trial  2  versus  trial  1  indicates  changes  in  working  memory.  E 
and  D:  Somewhat  lower  swimming  speed  occurs  in  transgenic 
as  compared  with  control  mice.  E  and  F:  Percent  time  spent  ir 
middle  and  outer  concentric  zones  suggests  an  impaired  search 
strategy  of  transgenic  mice.  *p  <  0.05  for  transgenic  versus 
control;  <  0.05  trial  1  versus  trial  2.  See  text  for  detailec 
statistical  analysis. 


et  al.,  1984).  The  autoradiographic  distribution  of 
[■’H]hemicholinium-3  binding  sites  coiTelated  with  the 
distribution  of  classical  presynaptic  markers  of  the  cho¬ 
linergic  system  and  was  associated  with  the  presence  ol 
cholinergic  terminals.  High-density  binding  sites  were 
found  in  striatum,  amygdala,  and  interpeduncular  nu¬ 
cleus,  and  labeling  density  was  much  lower  in  the  cor¬ 
tex  and  hippocampus  (Forloni  and  Angeretti,  1992; 
data  not  shown).  Twofold  higher  levels  of  hemicho- 
linium  binding  were  found  in  the  neostriatum  of  young 
(4-week-old)  and  midaged  (11-month-old)  transgen- 
ics  as  compared  with  control  mice  (Fig.  6).  It  is  inter¬ 
esting  that  the  enhancement  of  hemicholinium  binding 
to  frontal  cortex  sections  from  Alzheimer’s  brains  was 
also  twofold  (Slotkin  et  al.,  1994).  Similar  enhance¬ 
ment  in  hemicholinium  binding  was  also  found  in  the 
cholinoceptive  interpeduncular  nucleus  of  transgenic 
mice  but  not  in  their  hippocampus  (data  not  shown). 
In  contrast,  semiquantitative  RT-PCR  revealed  no  dif¬ 
ference  in  the  mRNA  levels  between  control  and  trans¬ 
genic  brain  for  the  ACh-synthesizing  enzyme  ChAT, 
the  vesicular  protein  synaptophysin  that  serves  as  gen¬ 
eral  synaptic  marker  (Leube  et  al.,  1987),  and  L-type 
Ca-’’’  channel  a  subunit  (data  not  shown).  This  was 
so  at  both  the  ages  of  4-5  weeks  and  11-12  months, 
which  excludes  the  possibility  of  late-onset  changes. 
Therefore,  hemicholinium  binding  was  selectively  en¬ 
hanced  in  both  cholinergic  and  cholinoceptive  brain 
regions  of  AChE-overexpressing  mice,  where  a  high 
density  of  binding  sites  was  reported  in  normal  brain 
(Forloni  and  Angeretti,  1992). 

DISCUSSION 

Transgenic  mice  overexpressing  AChE  in  their  brain 
neurons  suffer  complex  impairments  in  learning  and 
memory,  late-onset  attenuation  of  dendrite  branching 
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FIG.  4.  Attenuated  dendritic  branching  and  spine 
loss  in  layer  5  pyramidal  neurons  from  the  fronto¬ 
parietal  cortex  of  transgenic  mice.  A:  Representa¬ 
tive  Golgi-stained  preparations  from  brains  of 
transgenic  (top  panel)  and  control  (bottom 
panel)  7-month-o!d  mice.  B:  Camera  lucida  trac¬ 
ings  of  the  basilar  tree  of  Golgi-stained  pyramidal 
neurons  from  the  frontoparietal  cortex  of  5-week- 
and  7-month-old  transgenic  and  control  brains. 
C:  Graphical  presentations  of  data  from  Sholl 
analyses,  Sho\wn  are  numbers  of  dendritic 
branches  intersecting  with  a  series  of  concentric 
circles  of  increasing  distance  from  the  cell  body. 
Numbers  of  intersections  are  expressed  as  a  cu¬ 
mulative  total.  See  text  and  Table  1  for  details. 
D:  Representative  high-magnification  photo¬ 
graphs  of  dendritic  branches  from  5-week-  and 
7-month-old  transgenic  and  control  mice.  Note 
the  reduction  in  spines  (arrowheads)  on  the 
transgenic  dendrites. 


in  pyramidal  neurons  within  the  frontoparietal  cortex, 
and  enhanced  binding  capacity  of  the  high-affinity 
Na"^ -dependent  choline  transporter  in  the  neostriatum. 
Young  mice,  at  the  age  of  4—5  weeks,  exhibit  less 
severe  depletions  than  older  adult  animals,  at  the  age 
of  7-11  months,  representing  a  progressive,  complex 
cognitive  decline  which  these  mice  undergo.  This  sup¬ 
ports  the  notion  that  these  phenotypic  sequelae  are 
related  to  the  cholinergic  deficit  also  in  AD  patients. 

Complex  memory  impairments 

The  impairment  in  both  working  and  reference 
memory  in  AChE-transgenic  mice  is  more  severe  and 
complex  compared  with  other  models  with  cholinergic 
deficits.  Apolipoprotein  E-deficient  mice,  which  re¬ 
vealed  reduced  ChAT  activities  and  impaired  hypo¬ 
thermic  responses  to  the  cholinergic  agonist  oxotremo- 
line,  suffered  impairments  in  working  but  not  reference 
memory  (Gordon  et  al.,  1995).  Working  but  not  refer¬ 
ence  memory  is  selectively  vulnerable  to  central  cho¬ 
linergic  blockade  as  well  as  to  medial  septal  and  hippo¬ 
campal  lesions  (Gordon  et  al.,  1995).  One  recent 
model  in  which  reference  memory  was  impaired  was 
based  on  overexpression  of  the  mutant  695-aiTii no  acid 
isoform  of  /3-amyloid  precursor  protein  (Hsiao  et  al., 


1996).  However,  the  performance  of  mutant  /3-amy¬ 
loid-expressing  mice  improved  in  the  Morris  water 
maze  even  at  the  age  of  10  months,  unlike  our  mice, 
which  totally  failed  to  improve  performance  at  as  early 
as  5  months  of  age.  The  authentic  overexpression  of 
AChE  in  cholinergic  neurons  (Beeri  et  al.,  1995;  An¬ 
dres  et  al.,  1997;  present  study)  may  explain  the  sever¬ 
ity  of  these  cognitive  phenotypes.  Also,  AChE-trans- 
genic  mice  revealed  a  significant  tendency  to  thigrno- 
taxis,  similar  to  rats  administered  scopolamine 
(Hodges,  1996).  As  habituation  to  stress  improved 
water  maze  performance  of  old  rats,  which  tend  to 
exhibit  thigmotaxis  (Mabry  et  al.,  1996),  our  results 
may  indicate  that  AChE  overexpression  and/or  the 
resultant  cholinergic  imbalance  creates  higher  sensitiv¬ 
ity  to  stress  conditions. 

Attenuated  dendritic  branching  and  toss  of  spines 
in  cortical  neurons 

Loss  of  synapses  and  neurons  has  repeatedly  been 
demonstrated  to  correlate  with  the  degree  of  cognitive 
impairment  in  AD  (DeKosky  and  Scheff,  1990).  In 
the  adult  nervous  system,  continuous  changes  in  the 
size  and  shape  of  the  dendritic  tree  involve  dendritic 
retraction  and  elongation,  formation  of  new  branches. 
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TABLE  1. 


Tested  parameters 


Progressive  deterioration  of  layer  V  pxramic/al  neurons  in  AChE-trans genic  mice 


5-week-oId  mice 


T-month-old  mice 


Significance  of  C,  T 
comparison 


No.  of  Golgi-stained  neurons 
evaluated  for  dendrite  branching 
(animal)  [total] 

Cumulative  total  intersections/ 
neuron  (Sholl  analysis,  at  150 
^m  from  soma) 

3.  Effectiveness  of  C,  T  pairing 


5  weeks 


7  months 


9/(2)  [18] 


9/(2)  [18] 


9/(4)  [36] 


9/(4)  [36] 


123 


4. 


No.  of  stained  neurons  analyzed 
for  dendritic  spines/(animal) 
[total] 

Average  no.  of  spines/basilar 
branch/neuron  (mean  ±  SEM) 
Difference  between  C,  T  means 
Variance  comparison  (Mann- 
Whitney  U  value) 


0.9938 


118 


126 


109 


0.9969 


P  ^  0.2323" 

p  ^  0.0001^ 


P 

P 


:  0.0113" 
;  0.0001" 


7/(2)  [14] 

105.7  ±  9.63 
5.71 


7/(2)  [14] 

99.95  ±  7.76 
12.37 


9/(4)  [36] 

108.6  ±  6.49 
18.65 


9/(4)  [36] 

89.91  ±  6.09 
8.90 


=  0.8378" 
=  0.2238^' 


=  0.0398" 
=  0.03552" 


87.50 


444.0 


p  =  0.6459"  p  =  0.0220" 


group  fp^erheses)  was^'evalua^ffot  br^  t^if  (meth^d^  f  ^ 

“significance”)  showed  significant  differences  bciween^the  7-month  old  but  not  5-weTold  controTfC  '  (specified  under 

significant  pairing  effectiveness,  For  parameters  4-7,  dendritic  spines  were  counted  alnn7thf  .  P,!  -  transgenic  (T)  mice  under  highh 

per  randomly  selected  nine  neurons  for  each  brain.  Both  total  and  the  averac^e  no  of  sniL.;  dendntic  branch  of  three  to  five  branches 

but  not  5-week-old  T  and  C  mice.  ^  ^  significantly  different  between  7-month-old 

"Gaussian  approximation  of  Wilcoxon  test. 

"spearman  approximation. 

"Unpaired  /  test, 
test  of  variance. 

"Mann-Whitney  test,  two-tailed  p  value. 


and  creation  of  new  synapses  between  them.  Moreover, 
dendritic  arborization  is  enhanced  in  the  normal  adult 
brain,  under  conditions  of  increased  functional  require¬ 
ments  (Buell  and  Coleman,  1981).  Basilar  dendritic 
arbois  of  frontal  cortical  neurons  in  aged  rats  are  sig¬ 
nificantly  larger  than  those  of  young  adult  rats  (Well¬ 
man  and  Sengelaub,  1995),  which  is  likely  a  compen¬ 
satory  response  to  the  death  of  other  cortical  neurons 
(Coleman  and  Flood,  1987).  All  of  these  changes  in 
dendritic  arbors  were  apparently  stopped  in  the  brain 
of  adult  AChE-transgenic  mice,  accompanied  by  loss 
of  dendritic  spines. 

Dendritic  organization  is  primarily  determined  by 
extrinsic  factors  mediated  through  communication 
between  dendrites  of  neighboring  cells,  the  activity 
of  afferent  neuronal  connections  or  chemotrophic 
factors,  and  intrinsic  neuronal  properties  affecting 
the  response  to  all  these  stimuli  (Arendt  et  al.,  1995) . 
Lesions  of  the  nucleus  basalis  magnocellularis  do  not 
significantly  affect  dendritic  morphology  in  young 
adult  rats,  but  cortical  neurons  in  middle-aged  and 
aged  rats  showed  a  marked  reduction  in  dendritic 
arbors  following  such  lesions  (Wellman  and  Sengel¬ 
aub,  1995).  Quantitative  studies  also  revealed  shorter 
and  less  branched  dendrites  in  neurons  from  some 
cortical  regions  of  humans  with  senile  dementia  com¬ 
pared  with  normal  aged  individuals  (Buell  and  Cole¬ 
man,  1981).  Newly  formed  dendrites  have  also  been 


reported,  but  only  in  neurons  that  exhibited  reduced 
appearance  of  dendritic  arbors  on  the  remaining  den¬ 
drites  (Ferrer  et  al.,  1990).  Dendritic  growth  and 
neuronal  and  spine  loss  can  hence  be  regarded  as 
bidirectional  processes  that  occur  simultaneously  but 
result  in  opposite  effects  on  the  total  of  the  dendritic 
network  as  an  attempt  of  repair  following  neuronal 
and  synapse  deterioration  or  as  primary  pathological 
events  leading  to  neuronal  degeneration. 

The  late-onset  attenuation  of  dendritic  material  in 
AChE-transgenic  mice  would  logically  represent  the 
anamrnical  correlate  of  the  progressive  age-related  be¬ 
havioral  impairments.  The  concomitant  loss  of  den¬ 
dritic  spines  may  suggest  that  the  transgenic  mice  at 
midage  have  impaired  compensation  capabilities  of 
dendritic  trees  and  synapses  under  conditions  of  cho¬ 
linergic  imbalance.  The  cognitive  decline  under  dys¬ 
function  of  the  cholinergic  system  in  normal  elderly 
individuals  has  also  been  associated  with  age-related 
dendritic  attenuation  (McEntee  and  Crook,  1992;  Gal¬ 
lagher  and  Colombo,  1995).  In  light  of ’the  r^idly 
increasing  percentage  of  elderly  in  the  population 
h-eatment  of  such  “normal’’  age-associated  memory 
impairments  should  be  considered  as  a  cost-effective 
public  health  measure  to  delay  more  serious  degenera¬ 
tion.  The  AChE-transgenic  model  may  thus  prove  to 
be  of  particular  value  toward  the  development  of  thera¬ 
peutic  pharmaceutical  strategies  to  attenuate  (halt  or 
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FIG.  5.  Similar  binding  capacities  to  AChR  subtypes  in  transgenic  neostriatum.  A:  [=H]Pirenzepine  (M1  receptors)  ["HlAF-DX-384 
(M2  receptors),  and  [  HJcytisine  (heteromeric  nicotinic  AChR)  binding  at  the  level  of  striatum  of  control  (C)  and  transgenic  (T)  mice 
The  drawing  is  of  level  15  (Swanson,  1992).  B;  [®H]Pirenzepine  (M1  receptors),  [^H]AF-DX-384  (Iv12  receptors),  and  f^Hlcytisine 
(heteromeric  nicotinic  AChR)  binding  and  in  situ  hybridization  of  nicotinic  AChR  al  mRNA  at  the  level  of  the  mesencephalon  of  C 
mice  and  T  mice.  The  drawing  is  of  level  39  (Swanson,  1992). 


even  reverse)  this  mild  to  moderate  nonpathological 
cognitive  decline. 

Normal  levels  of  AChR  mRNAs  and  proteins 
The  expression  levels  and  properties  of  AChR  sub- 
types  and  several  other  synaptic  proteins  were  normal 
in  AChE-transgenic  mice,  as  revealed  by  in  situ  hy¬ 
bridization,  RT-PCR,  and  ligand  binding  experiments. 
Also,  up  to  the  age  of  12  months  there  was  no  sign  of 
cell  death  in  their  brains.  The  functional  deficits  that  we 
observed  previously  in  the  capacity  of  these  transgenic 
mice  to  respond  to  muscarinic  and  nicotinic  drugs 
(Beeri  et  al.,  1995;  Andres  et  al.,  1996)  suggest  that 
some  modifications  in  receptor  functioning  in  vivo  did 
take  place.  In  view  of  the  similar  expression  and  bind¬ 
ing  patterns  of  AChRs,  the  receptor  loss  in  AD  can 
tentatively  be  related  to  the  reduced  dendritic 
branching  and  spine  formation  rather  than  to  produc¬ 
tion  deficiences.  This  explains  the  relative  resistance 
of  AChE-transgenic  mice  as  compared  with  control 
animals  to  the  hypothermic  effects  of  muscarinic  and 
nicotinic  agonists  (Beeri  et  al.,  1995;  Andres  et  al.. 


1996) ,  yet  raises  doubts  as  to  the  value  of  such  agonists 
for  treating  AD  patients  with  behavioral  cholinergic 
deficits. 

Regional  enhancement  in  [^H]hemicholinium-3 
binding 

Although  ChAT  mRNA  levels  remained  unchanged 
in  the  transgenic  brain,  the  rate-limiting  step  in  ACh 
synthesis  is  choline  reuptake  into  neuronal  terminals 
(Wurtman,  1992).  Forloni  and  Angeretti  (1992) 
showed  a  >50%  decrease  in  number  of  hemicholi- 
nium-3  binding  sites  in  the  striatum  of  aged  rats.  Using 
tissue  from  rapid  autopsy,  Slotkin  et  al.  ( 1994)  showed 
that  choline  uptake  and  [^H]hemicholinium-3  binding 
are  elevated  in  cortical  regions  but  not  the  putamen  of 
Alzheimer’s  patients,  indicating  that  the  rise  in  binding 
was  specifically  associated  with  regions  undergoing 
cholinergic  degeneration.  The  increase  in  hemicholi- 
nium-3  binding  to  the  striatum  of  AChE-transgenic 
mice  compared  with  controls  suggests  elevated  choline 
uptake  and  ACh  synthesis,  as  a  compensatory  reaction 
to  ACh  deficits.  The  twofold  enhancement  in  hemi- 
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FIG.  6.  Enhanced  [^H]hemicholinium-3  binding  in  transgenic 
neostriata.  A:  Autoradiography  foliowed  by  Image  analysis.  Bind¬ 
ing  was  increased  of  [^H]hemlcholinium-3  to  the  neostriatum  of 
4_week-  (left)  and  12-month-old  (right)  normal  mice  (top;  C) 
as  compared  with  transgenics  (bottom;  T).  Presented  are  brain 
sections  following  2  weeks  of  exposure,  indicating  increased 
choline  transport  In  these  brain  regions.  B:  Quantification  of  [^H]- 
hemichoiinium  binding.  Presented  is  one  typical  autoradiography 
experiment  of  four  (n  =  2  animals).  For  each  animal,  the  images 
of  two  to  six  sections  were  digitized  [at  the  neostriatum  level, 
between  level  21  and  30  of  Franklin  and  Paxinos  (1997)],  and 
the  MGV  of  the  two  hemistriata  was  recorded.  See  Materials  and 
Methods  for  calculations.  Data  are  expressed  as  mean  ±  SEM 
(bars)  OD  values. 


cholinium  binding  was  seen  both  in  4-5-week-old 
transgenic  mice  and  in  11- 12-month-old  ones  and 
could  have  contributed  to  imbalanced  membrane  me¬ 
tabolism,  which  may  perhaps  explain  the  attenuation 
in  dendrite  branching. 

In  conclusion,  attenuated  dendritic  branching,  re¬ 
duced  spine  formation,  impaired  working  and  refer¬ 
ence  memory,  and  enhanced  choline  transport  emerged 
in  our  work  as  primary  neuroanatomical,  behavioral, 
and  metabolic  correlates  of  pathological  conditions 
that  involve  AChE  overexpression  and/or  cholinergic 
imbalance.  Therefore,  AChE-transgenic  mice  should 
be  most  useful  for  exploring  the  mechanisms  leading 
to  these  correlates.  Moreover,  the  observed  mecha¬ 
nisms  for  potential  structural  and  metabolic  compensa¬ 
tion  can  shed  new  light  on  the  late-onset,  progressive 
nature  of  diseases  associated  with  cholinergic  imbal¬ 
ance.  The  observed  progressive  cognitive  and  motor 
deterioration  in  transgenic  mice  expressing  human 
AChE  in  CNS  (Beeri  et  al.,  1995;  Andres  et  al.,  1996, 
1997)  could  hence  indicate  the  failure  of  control  mech- 
anism(s)  to  maintain  this  balance  beyond  a  certain  age. 
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Pyridostigmine,  a  carbamate  acetylcholinesterase  (AChE)  in¬ 
hibitor,  is  routinely  employed  in  the  treatment  of  the  autoim¬ 
mune  disease  myasthenia  gravis’.  Pyridostigmine  is  also 
recommended  by  most  Western  armies  for  use  as  pretreatment 
under  threat  of  chemical  warfare,  because  of  Its  protective  effect 
against  organophosphate  poisoning^^  Because  of  this  drug's 
quaternary  ammonium  group,  which  prevents  its  penetration 
through  the  blood-brain  barrier,  the  symptoms  associated  with 
its  routine  use  primarily  reflect  perturbations  in  peripheral  ner¬ 
vous  system  functions’^  Unexpectedly,  under  a  similar  regimen, 
pyridostigmine  administration  during  the  Persian  Gulf  War  re¬ 
sulted  in  a  greater  than  threefold  increase  in  the  frequency  of 
reported  central  nervous  system  symptoms*.  This  increase  was 
not  due  to  enhanced  absorption  (or  decreased  elimination)  of 
the  drug,  because  the  inhibition  efficacy  of  serum  butyryl- 
cholinesterase  was  not  modified*.  Because  previous  animal  stud¬ 
ies  have  shown  stress-induced  disruption  of  the  blood-brain 
barrier'*,  an  alternative  possibility  was  that  the  stress  situation  as¬ 
sociated  with  war  allowed  pyridostigmine  penetration  into  the 
brain.  Here  we  report  that  after  mice  were  subjected  to  a  forced 
swim  protocol  (shown  previously  to  simulate  stress^),  an  in¬ 
crease  In  blood-brain  barrier  permeability  reduced  the  pyri¬ 
dostigmine  dose  required  to  inhibit  mouse  brain  AChE  activity 
by  50%  to  less  than  1/1 00th  of  the  usual  dose.  Under  these  con¬ 
ditions,  peripherally  administered  pyridostigmine  increased  the 
brain  levels  of  c-fos  oncogene  and  AChE  mRNAs.  Moreover,  in 


vitro  exposure  to  pyridostigmine  increased  both  electrical  ex¬ 
citability  and  c-fos  mRNA  levels  in  brain  slices,  demonstrating 
that  the  observed  changes  could  be  directly  induced  by  pyri¬ 
dostigmine.  These  findings  suggest  that  peripherally  acting 
drugs  administered  under  stress  may  reach  the  brain  and  affect 
centrally  controlled  functions. 

Pyridostigmine  and  physostigmine  displayed  similar  efficacy  in 
inhibiting  acetylcholinesterase  (AChE)  activity  when  added  to 
brain  homogenates  (Fig.  \a).  Also,  they  were  similarly  effective 
in  reducing  serum  butyrylcholinesterase  (BuChE)  activity  when 
injected  intraperitoneally  (i.p.)  into  nonstressed  mice  (16.7%  ± 
6.9%  and  22.6%  ±  5.4%  reduction  from  normal  levels,  respec¬ 
tively,  10  minutes  after  injection  of  0.1  mg  pyridostigmine  or 
physostigmine  per  kg  body  weight  into  three  animals  in  each 
group).  However,  brain  AChE  activity  in  homogenates  prepared 
from  nonstressed  mice  was  considerably  less  inhibited  by  the  in¬ 
jected  pyridostigmine  than  by  physostigmine  (Fig.  lb).  Thus, 
pyridostigmine  doses  previously  proven  to  be  protective  against 
organophosphates  (0. 1-0.5  mg/kg,  15-30%  inhibition  of  serum 
BuChE  activity)^’^  did  not  reduce  brain  AChE  levels,  whereas  sim¬ 
ilar  doses  of  physostigmine  inhibited  more  than  50%  of  brain 
AChE  activity  (Fig.  lb).  In  contrast,  AChE  activity,  measured  in 
homogenates  from  the  cerebral  cortex  of  drug-injected  stressed 
mice,  was  reduced  by  0.1  mg/kg  of  either  pyridostigmine  or 
physostigmine  to  less  then  50%  of  normal  level  (Fig.  Ic).  The 
stress  treatment  therefore  reduced  the  pyridostigmine  dose  re¬ 
quired  to  inhibit  50%  of  brain  AChE  from  1.50  to  0.01  mg/kg. 
This  coincided  with  a  >10-fold  increase  in  brain  penetration  of 
either  the  albumin-binding  dye  Evan's  blue  (Fig.  Id)  or  AChE 
plasmid  DNA  including  the  cytomegalovirus  (CMV)  promoter* 
(Fig.  le)  under  stress.  Because  the  pyridostigmine  doses  that  in¬ 
hibited  cortical  AChE  activity  in  nonstressed  mice  (>1  mg/kg) 
were  reported  to  perturb  central  nervous  system  (CNS)  functions 
in  primates’,  we  examined  its  effect  on  mRNA  levels  of  the  c-fos 
oncogene,  an  indirect  marker  for  enhanced  neuronal 
excitability^  by  reverse  transcription  followed  by  PCR  amplifica¬ 
tion  (RT-PCR).  Earlier  appearance  of  PCR  product,  reflecting  a 
more  than  100-fold  increase  in  brain  c-fos  mRNA  level,  was  evi¬ 
dent  in  stressed  as  compared  with  control  animals  (Fig.  If),  in 
line  with  previous  reports^  A  similar  increase  in  c-fos  mRNA  was 
observed  in  nonstressed  animals  as  soon  as  10  minutes  following 
i.p.  injection  of  2  mg/kg  pyridostigmine  (95%  inhibition  of 
cortical  AChE)  (Fig.  2a,  top).  To  explore  the  direct  effect  of  pyri¬ 
dostigmine  on  cholinergic  brain  circuits,  we  performed  electro- 
physiological  and  molecular  neurobiology  analyses  on  brain 
slices  maintained  in  vifro"’.  Direct  application  of  1  mM  pyri¬ 
dostigmine  to  hippocampal  slices  reduced  AChE  activity  within 
30  minutes  with  similar  efficacy  to  that  observed  in  vivo  at  a  dose 
of  2  mg/kg  and  induced  a  parallel  100-fold  increase  in  c-fos 
mRNA  levels.  Control  tests  with  primers  for  synaptophysin 
mRNA  revealed  no  change  either  in  vivo  or  in  brain  slices. 
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Fig.  1  Stress  intensifies  AChE  inhibition  by  pyrido¬ 
stigmine  beesuse  of  incressed  brain  penetration. 
a,  AChE  inhibition  in  brain  homogenates.  Acetylthio- 
choline  hydrolysis  was  measured  following  addition  of 
increasing  concentrations  of  pyridostigmine  (■)  or 
physostigmine  (O)  to  brain  homogenates  from  control 
animals.  Presented  are  the  percentages  of  remaining  activ¬ 
ities  as  compared  with  those  of  brain  homogenates  with 
no  added  drug,  b,  Inhibiting  brain  AChE  activity  by  drug 
injection.  Percentage  of  normal  specific  cortical  AChE  activ- 
ity  was  measured  in  brain  homogenates  prepared  from  nonstressed  animals  killed  1 0  min  after  i.p.  injection 
of  the  noted  doses  of  physostigmine  (n = 9)  or  pyridostigmine  (n  =  1 1 ).  Presented  are  the  percentages  of  remain¬ 
ing  activities  as  compared  with  those  of  brain  homogenates  from  nonstressed,  0.9%  NaCI-injected  animals 
(n  =  1 2).  c.  Pyridostigmine  inhibition  of  brain  AChE  following  stress.  A  forced  swim  test  was  followed  1 0  min 
later  by  injectionxif  either  0.1  mg/kg  pyridostigmine  (n  =  8),  or  physostigmine  (n  =  5).  AChE  activity  mea¬ 
surements  were  as  described  in  b.  Presented  are  the  percentages  of  remaining  activities  as  compared  with 
those  of  brain  homogenates  from  similarly  stressed,  0.9<yc^NaCI-injected  animals  (n  =  6).  d,  Blood-brain 
barrier  permeability  following  stress.  Shown  are  representative  brains  dissected  from  anaesthetized  anima  s, 
1 0  min  after  intracardial  injection  of  Evan's  blue.  The  controls  were  nonstressed  animals;  dye  was  injected 
into  stressed  animals  1 0  min  after  the  stressful  session,  e.  Plasmid  DNA  penetration  to  the  brain  under 
stress.  Control  and  stressed  animals  were  injected  i.p.  with  CMV  AChE  (ref.  8)  plasmid.  Proteinase  K-treated  br^n 
homogenates  were  subjected  to  PCR  amplification  using  a  set  of  CMV-promoter  forward  pnmer  arid  an  AChE 
reverse  primer.  PCR  product  samples  were  withdrawn  every  third  cycle,  which  allows  for  eightfold  increases 
between  samples.  CMV  AChE  DNA  was  detected  starting  from  cycle  21  in  the  brain  of  four  out  of  four  stressed 
animals  The  PCR  producU  from  brain  of  control  animals  were  considerably  weaker  and  appeared  on  y  on 
cycle  24  indicating  at  least  eightfold  less  plasmid  DNA  in  control  brains  as  compared  with  stressed  ones.  In 
two  out  of  five  control  animals,  no  PCR  product  was  detected,  f,  Kinetics  of  brain  c-fos  cDNA  accurnulahon 
during  RT-PCR  amplification.  Total  RNA  from  mouse  hippocampus  was  extracted  using  RNAclean  (AGS  Hei¬ 
delberg,  Germany),  its  integrity  verified  by  gel  electrophoresis  (evaluation  of  2.0  ratio  between  28S  and  1 8S 
ribosomal  RNA)  and  its  quantity  and  purity  from  protein  contamination  evaluated  by  absorbance  rneasures,  t  e 
A  /A  ratio  of  1 .8  up  to  2.0.  c-fos  cDNA  was  amplified  following  reverse  transcription  of  equal  amounts  or 
total  RNA  samples  from  the  brain  of  control  or  stressed  animals.  Kinetic  follow-up  of  product  accumulation 
was  carried  out  as  described  in  e.  The  earlier  appearance  of  amplified  c-fos  cDNA,  20  min  follovving  stress  ses¬ 
sion  as  compared  with  control,  indicates  a  significant  increase  in  the  amount  of  c-fos  mRNA  under  stress. 


demonstrating  the  selectivity  of 
the  above  responses  (data  not 
shown).  Moreover,  the  earlier 
appearance  of  AChE  mRNA 
product  under  pyridostigmine 
administration  (Fig.  2a,  bottom) 
reflects  an  association  between 
c-fos  levels  and  the  transcrip¬ 
tional  control  of  key  cholinergic 
proteins.  Electrophysiological 
recordings  in  such  slices 
revealed  a  pyridostigmine- 
induced  increase  in  the  ampli¬ 
tude  and  rate  of  rise  of  evoked 
population  spikes  in  the  CAl 
area  of  the  hippocampus,  in  re¬ 
sponse  to  stimulation  of  the 
Schaffer  collaterals  (Fig.  2b). 

This  enhancement  in  summated 
neuronal  activity  demonstrated 
directly  the  increased  excitabil¬ 
ity  of  the  local  circuit  following 
pyridostigmine  application. 

Results  from  double-blind 
human  studies  testing  pyri¬ 
dostigmine  effects  on  35  young 
healthy  volunteers  (in  "peace¬ 
time,"  ref.  11,  and  unpublished 
data)  as  compared  with  those  ob¬ 
served  in  213  soldiers  treated 
during  the  Gulf  War  (extension 
of  ref.  5)  resemble  our  current  ro¬ 
dent  data.  In  both  human 
studies  each  individual  was 
asked  to  report  on  a  question¬ 
naire,  responiding  yes  or  no, 
regarding  syniptoms  related  to 
the  drug.  During  peacetime,  in 
agreement  with  previous  re¬ 
ports'",  documented  symptoms 
were  mainly  related  to  periph¬ 
eral  nervous  system  (PNS) 
functions  (symptoms  included 
abdominal  pain,  diarrhea,  fre¬ 
quent  urination,  increased 
salivation,  rhinorrhea  and  excess  sweating)  with  an  average  of 
18.8%  (range  5.5-38.9%),  whereas  only  8.3%  (range  0-16.6%)  of 
participants  reported  symptoms  related  to  CNS  functions 
(headaches,  insomnia,  drowsiness,  nervousness,  difficulties  in  fo¬ 
cusing  attention  and  impaired  calculation  capacities)  (Fig.  3, 
dashed  bars).  In  contrast,  extension  of  the  reported  study  per¬ 
formed  during  the  Gulf  War\  revealed  that  23.6%  (range 
6.2-53.4%)  of  the  213  soldiers  reported  CNS  symptoms,  whereas 
only  11.4%  (range  6.1-20.4%)  reported  PNS  symptoms  (Fig.  3, 
filled  bars).  In  parallel,  in  control  mice  injected  with  0.1  mg/kg 
pyridostigmine,  serum  BuChE  activity  was  inhibited  similarly  to 
that  measured  in  humans  during  peacetime  (18.8  ±  3.5%  in  hu¬ 
mans  and  20.4  ±  5.5%  in  mice).  Under  these  conditions,  no 
inhibition  of  mouse  brain  AChE  was  measured  (see  also  Fig.  lb). 
Injection  of  similar  doses  of  pyridostigmine  into  stressed  mice 
caused  a  significant  inhibition  of  brain  AChE,  with  a  tendency  to¬ 
ward  limitation  of  BuChE  inhibition  (Fig.  3).  Thus,  PNS  effects 
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were  relatively  suppressed  and  CNS  effects  enhanced,  probably 
because  of  either  the  restraint  stress  in  mice  or  the  psychological 
stress  associated  with  war  in  humans. 

Our  findings  demonstrate  significant  correlation  between  stress 
and  pyridostigmine-induced  CNS  effects.  We  confirmed  the  ac¬ 
cepted  notion  that  treating  nonstressed  mice  with  prophylactic 
doses  of  pyridostigmine  does  not  inhibit  CNS  AChE,  correspond¬ 
ing  to  unaffected  CNS  functions  in  nonstressed  primates”  or 
humans  during  peacetime*.  Yet,  similar  treatment  under  stress 
conditions  (in  mice)  was  associated  with  increased  brain  penetra¬ 
tion,  significant  inhibition  of  brain  AChE  activity,  increased 
neuronal  excitability  and  oncogene  activation.  This  increase  in  c- 
fos  mRNA  levels  may  explain  the  induction  of  AChE  transcription 
by  the  presence  of  a  c-fos  binding  site  in  the  mammalian  AChE 
promoter’  'T  It  is  of  interest  that  we  found  that  serum  BuChE  inhi¬ 
bition  is  suppressed  under  stress  in  a  way  similar  to  that  seen  in 
the  PNS-related  symptoms  caused  by  pyridostigmine.  The  stress- 
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Fig.  2  Pyridostigmine  enhances  neuronal  excitability  and  increases 
oncogene  mRNA  levels,  o,  The  kinetics  of  brain  c-fos  and  AChE  mRNA 
accumulation  during  RT-PCR  amplification.  RNA  was  extracted  and  re- 
verse-transcribed  as  described  in  Fig.  1 .  The  earlier  appearance  of  the 
amplified  PCR  product  20  min  after  injection  of  2  mg/kg  pyridostigmine 
(+)  as  compared  with  0.9%  NaCI  (-)  indicates  an  increase  in  the  amount 
of  c-fos  (top)  and  AChE  mRNA  (bottom)  under  pyridostigmine  exposure. 
b.  Extracellular  evoked  potentials.  Cortico-hippocampal  slices  (400  p.m 
thick)  were  cut  using  a  vibratome  (Vibrostice,  Campden  Instruments, 
Loughborough,  UK)  and  were  placed  in  a  humidified  holding  chamber, 
continuously  perfused  with  oxygenated  (95%  O^,  5%  CO2)  artificial 
cerebrospinal  fluid  (aCSF)’.  Schaffer  collateral  fibers  were  stimulated 
with  a  bipolar  tungsten  stimulating  electrode,  and  extracellular  evoked 
potentials  were  recorded  in  the  cell-body  layer  of  the  CAT  area  of  the 
hippocampus.  Single  response  to  supramaximal  stimulus  intensity 
(1 .5  times  stimulus  the  intensity  of  which  caused  maximal  response)  is 
drawn  before  (-)  and  30  min  after  (+)  addition  of  pyridostigmine 
(1  mM)  to  the  perfusing  solution.  \ 


induced  suppression  in  PNS  effects  reported  by  soldiers  during 
wartime  as  compared  with  those  reporteci  by  volunteers  tested 
during  peacetime  could  be  due  to  enhanced  drug  scavenging  in 
peripheral  tissues,  for  example,  by  adrenaline  ijaduction  of  the  cy¬ 
tochrome  P-450  scavenging  system'^  Alternatively,  or  in 
addition,  drug  concentration  in  the  peripher/ could  be  reduced 
because  of  the  dilution  effect  caused  by  the  stress-induced  brain 
penetrance.  Hormonal  changes  have  been  known  to  disrupt  the 
integrity  of  the  intricate  microglial  connections  blocking  access 
of  large  molecules  to  the  brain'",  which  may  explain  at  least  some 
of  the  observed  changes  under  stress  treatment.  However,  it  is 
conceivable  that  AChE  inhibition  has  an  additive  effect  (in  addi¬ 
tion  to  these  hormonal  effects  on  microglial  connections)  thus 
increasing  blood-brain  barrier  permeability.  Further  studies  will 
be  required  to  reveal  whether  AChE  is  expressed  in  microglia  and 
to  examine  their  potential  response  to  its  inhibition. 

In  view  of  the  reports  of  blood-brain  barrier  disruption  in 
Alzheimer's  disease our  current  data  may  explain  the  effects  of 
low  doses  of  pyridostigmine,  which  affected  electroencephalo¬ 
graph  (EEC)  patterns,  attention  and  short-term  memory  in 
Alzheimer's  disease  patients'^  as  well  as  reports  of  myasthenic 
patients  who  developed,  under  routine  pyridostigmine  doses, 
CNS  symptoms  that  regressed  following  withdrawal  of  the 
drug'T  Susceptibility  to  CNS  symptoms  may  particularly  be  ex¬ 
pected  when  free  drug  levels  are  increased  in  the  circulation 
because  of  reduced  capacities  for  drug  scavenging,  for  example, 
in  carriers  of  the  "atypical"  BCHE  gene  mutation'*.  Other  poten¬ 
tial  reasons  for  such  CNS  effects  include  liver  malfunctioning, 
which  is  known  to  reduce  BuChE  levels  in  the  circulation 
Individuals  subjected  to  drugs  of  abuse  (that  is,  cocaine)  should 
also  be  vulnerable  to  cholinesterase  inhibitors,  as  BuChE  is  the 
major  cocaine  scavenger  in  human  blood"". 

That  increased  neuronal  excitability  and  c-fos  mRNA  levels 
were  observed  following  application  of  pyridostigmine  both  in 
vivo  and  in  hippocampal  slices  maintained  in  yitro  suggests  that 
this  can  be  the  direct  outcome  of  pyridostigmine  access  to  the 
brain.  The  early  immediate  transcriptional  response  following 
pyridostigmine  application  can  be  attributed  to  AChE  inhibition, 
increasing  acetylcholine  levels,  subsequent  massive  activation  of 
muscarinic  receptors"'  and  corresponding  induction  of  signal 
transduction  processes.  As  central  cholinergic  neurotransmission 
systems  are  normally  involved  in  stress  responses-^  access  of  pyri- 


mRNA  in  vivo 


PCR  cycle 


dostigmine  to  the  brain  can  be  expected  to  add  yet  more  "stress¬ 
like"  symptoms  to  those  associated  with  the  war  situation.  That 
some  of  the  associated  stress  effects"^  parallel  those  reported  dur¬ 
ing  the  Gulf  War'  further  strengthens  this  hypothesis. 

Although  this  study  describes  acute,  short-term  effects  induced 
by  pyridostigmine  under  stress,  it  does  not  yet  address  the  intri¬ 
cate  iong-term  consequences  reported  by  Gulf  War  vete^ans■^ 
However,  the  transcriptional  responses  observed  in  our  study 
predict  the  induction  of  secondary  and  tertiary  processes  with 
unknown  consequences,  depending  on  complex  and  variable  el¬ 
ements.  For  example,  the  observed  pyridostigmine-induced 
enhancement  of  the  capacity  to  produce  AChE  reflects  a  poten¬ 
tial  selective  feedback  mechanism  that  would  diminish 
cholinergic  overactivation.  If  this  is  a  general  mechanism,  the 
CNS  symptoms  attributed  to  pyridostigmine  may  shed  new  light 
on  previously  unforeseen  complications  attributable  to  various 
peripherally  acting  drugs.  The  enhanced  capacity  of  systemati¬ 
cally  administered  plasmid  DNA  to  reach  the  brain  under  stress 
may  further  explain  the  vulnerability  of  stressed  animals  to  CNS 
viral  infections’".  Further  understanding  of  the  mechanisms  un¬ 
derlying  these  alterations  in  blood-brain  barrier  permeability 
might  have  far-reaching  clinical  implications  with  regard  to  de¬ 
livery  of  drugs  or  gene  therapy  agents  to  the  brain.  Hence,  our 
study  predicts  that  compounds  considered  to  be  limited  to  the 
periphery  may  become  centrally  active  under  stress  conditions. 

Methods 

Stress  induction.  Stress  was  induced  in  adult  FVB/N  mice  by  two 
4-min  forced  swim  sessions  with  a  4-min  rest  intervaE.  Ten  minutes 
following  stress,  animals  were  injected  i.p.  with  0.9%  NaCl  (control), 
pyridostigmine  (Research  Biochemical  International,  Natick, 
Massachusetts)  or  physostigmine  (Sigma)  at  the  noted  doses. 
Animals  were  decapitated  10  min  after  injection,  trunk  blood  was 
collected',  and  the  cerebral  cortex  was  quickly  dissected  and 
homogenized  in  solution  D  (10  mM  Tris-HCI,  pH  7.4,  IM  NaCl, 
1  %  Triton  X-1 00,  1  mM  EDTA,  1:10  wt/vol)"'. 
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Fig.  3  Pyridostigmine  effects  in  humans  during  peace  and  war  and  in  nonstressed  and 
stressed  rodents,  left  (humans).  Results  of  a  double-blind,  placebo-controlled  study  (ex¬ 
tension  of  ref.  10)  (dashed  bars,  "peacetime")*  Pyridostigmine  (n  =  18)  or  placebo  (n  = 
1  7)  were  administered  to  healthy  young  male  volunteers.  Symptoms  were  reported  at 
the  end  of  the  study.  Presented  are  ranges  (%)  of  soldiers  reporting  pyridostigmine- 
induced  symptoms  related  to  CNS  (top)  or  PNS  (bottom).  During  the  Gulf  War  21 3  male 
soldiers  aged  18-22  years  were  questioned,  24  hours  after  initiation  of  pyridostigmine 
treatment'  (filled  bars).  Mean  values  for  human  data  are  marked  by  horizontal  lines  across 
the  relevant  bars,  right  (rodents).  Summary  of  measured  brain  AChE  inhibition  (top) 
and  serum  BuChE  inhibition  in  mice  (bottom)  10  minutes  following  injection  of 
0.1  mg/kg  pyridostigmine  in  nonstressed  (control,  n  -  4),  and  stressed  (n  =  5)  mice. 
Percent  inhibition  (standard  deviation  was  calculated  in  comparison  with  the  average  ac¬ 
tivity  calculated  in  noninjected,  not  stressed  (n  =  1 2)  and  stressed  (n  =  6)  animals. 


Human  Rodents 


Peace  War  Control  Stress 

n^A  .*7=5 


AChE  activity  measurements.  Acetylthiocholine  (ATCh)  hydrolysis 
levels  were  determined  spectrophotometrically  in  nanomoles  ATCh 
per  minute  per  milligram  brain  protein,  as  previously  described''. 
BuChE  activity  in  serum  was  measured  using  butyrylthiochoiine 
(BTCh)  as  substrate.  In  both  cases,  selective  inhibitors  were  em¬ 
ployed  to  suppress  nonspecific  hydrolysis". 


Determination  of  blood-brain  barrier  permeability.  Evan's  blue. 
Anesthetized  animals  (Nembutal,  60  mg/kg)  were  injected  intracar- 
dially  with  0.1  ml  of  2%  of  the  albumin-binding  dye^Evan's  blue  in 
0.9%  NaCl.  Following  perfusion  with  0.9%  NaCi,  brains  were  removed 
and  homogenized,  and  dye  concentration  was  deteVmined  spec¬ 
trophotometrically".  Plasmid  DNA.  CMV-driven  AChE  plasmid  DNA 
(ref.  8, 1 00  pg,  ca.  6  kb)  in  0.1  ml  of  0.9%  of  NaCI  was  injected  i.p.  into 
control  or  stressed  animals.  Animals  were  killed  20  min  after  injection, 
trunk  blood  and  brain  were  collected;  and  plasmid  DNA  was  detected 
by  kinetic  follow-up  of  PCR  amplification  in  tissue  homogenates  treated 
with  proteinase  K  (1 00  pg/ml,  overnight  incubation,  65  °C). 

Reverse  transcriptase-PCR.  Brain  c-fos  cDNA  was  amplified  by  RT-PCR 
using  as  primers  1604(-i-):  5'-TCTTATTCCGTTCCCTTCGCATTCTCC- 
CTX-y  and  2306(-):  5'-TCTTATTCCGTTCCCTTCGGATTCTCCGTT-3'. 
Brain  AChE  cDNA  was  amplified  using  as  primers  375(+):  5'-AGACTGC- 
CTCTATCTTAATCTGTGGACACC-3'  and  1 160(-):  5 -CCGCTGATGA- 
GAGATTCATTGTCTTTGCTG-3'.  Numbers  denote  nucleotide  positions 
in  the  CenBank  c-fos  sequence  (accession  no.  V00727)  or  in  the  mouse 
AChE  cDNA  sequence",  respectively.  Samples  of  each  reaction  mixture 
(1 0  pi)  were  removed  every  third  cycle  from  1 8  to  39,  separated  by  elec¬ 
trophoresis  and  stained  with  ethidium  bromide". 

Electrophysiological  recordings.  Extracellular  potentials  were 
recorded  in  hippocampal  slices  maintained  in  wW.  Schaffer  collateral 
fibers  were  stimulated  with  a  bipolar  tungsten  stimulating  electrode. 
Recording  glass  microelectrodes  were  located  in  the  CAl  area. 


Ackriowledgrnen  ts 

We  thank  Z.  SeUti^^er,  /.  Yarom  (Jentsalem)  utui  £.  Lev  (I.D.F.)  for  help  fit  I 
discussions  and  for  help  with  experinients,  and  D.  Darotn  for  expert 
photography.  Supported  in  part  by  the  US  .Artny  Ivtedical  Research  and 
Development  Connnand  (to  H.S.),  and  by  a  research  grant  frotn  the 
Charles  E.  Smith  Laboratory  for  collaborative  research,  the  National 
Institute  for  Psychobiology  in  Israel  (to  A.F.  Sr  H.S.). 

RECEIVED  4  SEPTEMBER;  ACCEPTED  1 7  OCTOBER  1 996 

1.  Taylor,  P.  Cholinergic  agonists,  ond  .Anticholinesterase  agents,  in  The 
PhartmiculofiaU  Basis  ofTherapeiitks,  8lh  edn.  (eds.  Gilman,  A.G.,  Rail,  T.VV., 
Nies,  A.S.  &  Taylor,  P.)  122-130.  131-147  iPergamon.  New  York,  1990). 

2.  Deyi,  X.,  Linxiu,  W.  &  Shuqiu,  P.  The  inhibition  and  protection  of 
cholinesterase  by  physostigmine  and  pyridostigmine  against  soman  poisoning 


in  vivo.  Finniatn.  .Appl.  Toxicol.  1,  217-221  (1981). 

3.  Diruhumber,  P.,  French,  M.C.,  Green,  D.M.,  Leadbeater,  L.  &  Stratton,  J. A.  The 
protection  of  primates  against  soman  poisoning  by  pretreatment  with  pyri¬ 
dostigmine./.  Phannacol.  31,  295-299  (1979). 

4.  Borland,  R.G.,  Breman,  D.H.  &  Nicholson,  A.N.  .Studies  on  the  possible  central 

and  peripheral  effects  in  man  of  a  cholinesterase  inhibitor  (pyridostigmine). 
Ham.  Tox/co/.  4,  293-300(1985).  .  .  ,  . 

5.  Sharabi,  Y.  et  nl.  Survey  of  symptoms  following  intake  of  pyridostigmine  during 
the  Persian  Gulf  War.  Isr.  f.  Sled.  Sci.  27,  656-658  (1991). 

6.  Sharma,  H.S.,  Cervos-N'avarro,  J.  &  Dey,  P.K.  Increased  blood-brain  barrier  per- 
meabilitv  following  acute  short-term  swimming  e.xercise  in  conscious  nor- 
motensive  young  rats.  Neiirosci.  Res.  10,  211-221  (1991). 

7.  Melia,  K.M.,  Ryabinin,  .A.E.,  Schroeder,  R.,  Bloom,  F.E.  &  Wilson,  M.C.  Induc¬ 
tion  and  habituation  of  immediate  early  gene  e.xpression  in  rat  brain  by  acute 
and  repeated  restraint  stress.  /.  Neurosci.  14,  5929-5938  (1994). 

8.  Ben  ,Aziz-.Aloya,  R.  et  al.  Expression  of  a  human  acetylcholinesterase  promoter- 
reporter  construct  in  developing  neuromuscular  junctions  of  Xenopus  embryos. 
Proc.  Natl.  Acod.  Sci.  USA  90,  2471-2475  (1993). 

9.  Blick,  D.W.  et  al.  .Acute  behavioral  toxicity  of  pyridostigmine  or  soman  in  pri¬ 
mates.  Toxicol.  .4ppl.  Pharmacol.  126,  311-318  ( 1994). 

10.  Friedman.  A.  &  Gutnick,  M.J.  Intracellular  calcium  and  control  of  burst  generation 
in  neurons  of  guinea-pig  neocortex  in-vitro.  Ear.  J.  Neurosci.  1,  374-381  (1989). 

1 1  Glickson,  M.  et  al.  The  influence  of  pyridostigmine  on  human  neuromuscular 
functions  —  studies  in  healthy  human  subjects.  Fundam.  Appl.  To.xicol.  16, 
288-298(1991). 

12.  Ekstrom,  T.J.,  Klump,  W.M.,  Getman,  D.,  Karin,  M.  &  Taylor,  P.  Promoter  ele¬ 
ments  and  transcriptional  regulation  of  the  acetylcholinesterase  gene.  DNA  Cell 

B/o/.  12, 63-72(1993).  .  u  -  . 

13.  Ehrhart-Bornstein,  M.  etal.  Adrenaline  stimulates  cholesterol  side-chain  cleav¬ 
age  cytochrome  P450  mRNA  accumulation  in  bovine  adrenocortical  cells.  /. 
£n(/ocnno/.  131,  5-8  (1991). 

14.  Brust,  P.  Blood-brain-barrier  transport  under  different  physiological  and  patho¬ 
physiological  circumstances  including  ischemia.  Exp.  Pathol.  42,  213-219  (1991). 

15.  Haflk,  S.l.  &  Kalaria,  R.N.  Blood-brain-barrier  abnormalities  in  Alzheimer's  dis¬ 
ease.  Ann.  N.  Y.  Acad.  Sci.  640,  47-52  (1991). 

16  Agnoli  A.,  Martucci,  N.,  Manna,  V.,  Conti,  L.  &  Fioravanti,  M.  Effect  ot  cholin- 
'  ergic  and  anticholinergic  drugs  on  short  term  memory  in  Alzheimer’s  dementia: 
A  neuropsychoiogical  and  computerized  electroencephalographic  study.  C/rri. 
Neurophannacol.  6,  311-323  (1983). 

17.  Iwasaki,  Y.,  Wakata,  N.  &  Sinoshita,  M.  Parkinsonism  induced  by  pyridostig¬ 
mine.  ,4cffi  Neurol.  Scand.  78,  236  (1988), 

18.  Loeivenstein-Lichtensteln,  Y.  et  ul.  Genetic  predisposition  to  adverse  conse- 
quences  of  anti-cholinesterases  in  'atypical'  BCHE  carriers.  Nature  .  lei .  1, 


108^—1085  (1995) 

9.  Whittaker,  M.  Cholinesterases.  Hum.  Genet.  65-85  (1986). 

0  Schwarz,  M.,  Click,  D.,  Loewenstein,  Y.  &  Soreq,  H.  Engineering  ot  human 
cholinesterases  explains  and  predicts  diverse  consequences  of  administration  of 
various  drugs  and  poisons.  Pharmacol.  Ther.  67,  283-321  (1995). 

,1.  Brown,  D..a".  Slow  cholinergic  excitation  -  a  mechanism  tor  increasing  neuronal 
e.xcitabilitv.  Trends  Neurosci.  6,  302-.306  (1983).  ^ 

,2.  McEwen,  B.S.  &  Sapolsky,  R.M.  Stress  and  cognitive  function.  Carr.  0pm. 

Neurobiol.  5,  20S-21 6  (\99 5).  ^iooMooiY 

:3.  Gavaghan,  H.  NIH  panel  rejects  Persian  Gulf  syndrome.  Nature  369,  8  (1994). 

14.  Ben-Nathan,  D.,  Lustig,  S.  &  Danenberg,  H.D.  Stress-induced  neuroinvasiveness 
of  a  neurovirulent  noninvasive  Sindbis  virus  in  cold  or  isolation  subjected  mice. 

U/e Sci.  48,  1493-1500(1991).  ^ 

:S  Neville,  L.F..  Gnatt,  A.,  Padan,  R..  Seidman,  S.  &  Soreq,  H.  Anionic  site  interac¬ 
tions  in  human  butyrylcholinesterase  disrupted  by  two  single  point  mutations. 
/.  Biol.  Chern.  265,  20735-20738  (1990). 

16.  Seidman.  S.  et  al.  Synaptic  and  epidermal  accumulations  ot  human  acetyl¬ 
cholinesterase  are  encoded  by  alternative  3’-terminal  e.xons.  Mol.  Cell.  Btoi.  15, 

2993-3002  (1995).  , 

17.  Uvama,  O.  et  al.  Quantitative  evaluation  of  vascular  permeability  in 

brain  after  transient  ischemia  using  Evans  blue  fluorescence.  /.  Cerebral  Blood 
8, 282-284(1988).  _  _ 

18.  Rachinskv,  T.L.  etal.  Molecular  cloning  of  mouse 

distribution  of  alternatively  spliced  mRNA  species.  Neuron  a,  317-327  (1990). 


NATURE  MEDICINE,  VOLUME  2,  NUMBER  12.  DECEMBER  1996 


1385 


Reprinted  from 


MOLECULAR 

BRAIN 

RESEARCH 


Molecular  Brain  Research  51  (1997)  1 79- 1 87 


Research  report 

In  vitro  phosphorylation  of  acetylcholinesterase  at  non-consensus  protein 
kinase  A  sites  enhances  the  rate  of  acetylcholine  hydrolysis 

Mirta  Grifman  Ayelet  Arbel  Dalia  Ginzberg  David  Glick  Sharona  Elgavish 

Boaz  Shaanan  Hermona  Soreq  “■  ’ 

*  Department  of  Biological  Chemistry,  Institute  of  Life  Sciences,  Hebrew  University  of  Jerusalem.  Jerusalem  91904,  Israel 
^  Wolf  son  Center  for  Applied  Structural  Biology.  Institute  of  Life  Sciences,  Hebrew  University  of  Jerusalem,  Jerusalem  91904,  Israel 


ELSEVIER 


SCOPE  AND  PURPOSE 
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on  the  WWW  ( http :/w ww.eIsevier.com/locate/bres  or  http://www.elsevier.nl/locate/bres)  and  published  soon  after  in  the  relevant  section  of  Brain 
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9.  Potential  Antisense  Oligonucleotide 
Therapies  for  Neurodegenerative 
Diseases 

Mirta  Grifman,  Efrat  Lev-Lehman,  Dalia  Ginzberg,  Fritz 
Eckstein,  Haim  Zakut  and  Hermona  Soreq 


9.1  Introduction 

For  the  first  time  in  the  history  of  neuropharmacological  research,  it  is  possible  to  de¬ 
sign  short  synthetic  strands  of  DNA  as  effectors  of  neuromodulatory  events  or  phe¬ 
nomena.  Antisense  oligodeoxynucleotides  (AS-ODNs)  are  short  DNA  strands  often 
protected  by  chemical  modification  from  nucleolytic  degradation.  They  are  aimed  at 
suppression  of  the  expression  of  a  target  gene  or  genes  or  prevention  of  the  enhance¬ 
ment  in  its  expression  in  cases  where  such  enhancement  takes  place.  They  operate 
by  creating  stable  hybrids  with  their  target  sequences  in  a  highly  specific  and  highly 
selective  manner.  Once  such  hybrids  are  formed,  they  may  remain  as  such  (which 
temporarily  prevents  translation)  or  degrade  (which  destroys  the  target  mRNA  alto¬ 
gether).  The  well-defined  requirements  for  hybridization  (i.e.  complementarity  and 
length  of  the  interacting  sequences,  ionic  strength  and  pH  conditions)  provide  a  pre¬ 
liminary  option  for  simple  design  of  such  AS-ODN  drugs  with  a  high  probability 
that  they  will  efficiently  hybridize  with  their  mRNA  targets. 

Antisense  technology  lies  somewhere  between  gene  and  conventional  therapies. 
Like  conventional  drugs,  it  involves  the  administration  of  a  synthetic  compound  (in 
this  case,  an  oligodeoxyribonucleotide  or  an  analog  thereof;  for  a  chain  of  20  nu¬ 
cleotides,  this  implies  a  molecular  weight  of  ca.  6,000  g/mol).  Also,  it  is  intended  to 
prevent  the  functioning  of  a  particular  protein,  similarly  to  most  conventional  drugs, 
and  it  may  be  used  for  short  or  long  periods  and  can  cause  transient  or  long-term 
side  effects  like  many  such  drugs.  This  further  means  that  the  development  of  anti- 
sense  drugs  depends  on  criteria  similar  to  those  familiar  for  conventional  drugs:  the 
effective  dose  should  be  as  low  as  possible,  the  therapeutic  window  as  wide  as  pos¬ 
sible,  delivery  should  be  simple  and  convenient,  drug  stability  high  and  adverse  re¬ 
sponses  minimal.  However,  antisense  drugs  are  based  on  gene  sequences  and  aimed 
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at  interaction  with  such  sequences,  rather  than  at  binding  to  particular  protein(s). 
Their  capacity  to  prevent  the  functioning  of  the  protein  products  of  their  target  genes 
is  hence  indirect.  Unlike  gene  therapy  protocols,  they  must  be  administered  repeat¬ 
edly;  however,  their  specificity  is  expected  to  be  far  higher  than  that  of  protein  block¬ 
ers,  thanks  to  the  basic  parameters  characterizing  the  hybridization  reaction  between 
oligonucleotide  chains  and  the  target  mRNA.  Also,  since  they  interact  with  mRNAs 
and  not  proteins,  the  number  of  target  molecules  they  should  encounter  in  a  cell  is 
inevitably  smaller  than  the  number  of  molecules  to  be  blocked  by  protein  inhibitors. 
Therefore,  the  effective  dose  of  antisense  drugs  can  be  lower  than  that  of  protein  in¬ 
hibitors.  In  contrast,  the  mode  of  AS-ODNs  delivery  poses  considerable  difficulties, 
and  chemical  modification(s)  are  a  necessary  prerequisite  for  improving  the  rather 
poor  stability  of  unprotected  DNA  chains.  At  the  same  time,  administration  of  an 
AS-ODN  is  far  simpler  than  gene  therapy  and  can  therefore  be  available  to  larger 
numbers  of  patients.  Lastly,  little  is  yet  known  about  side  effects  and  ways  to  avoid 
them. 

In  vivo  suppression  of  gene  expression  with  AS-ODNs  has  been  demonstrated  in 
various  vertebrates  including  ducks,  rats,  mice,  and  pigs  by  targeting  mRNAs  encod¬ 
ing  diverse  proteins  such  as  MYC,  cdk2,  RAS  and  NF-kB  (1,  2).  Direct  intracere- 
broventricular  (ICV)  administration  of  AS-ODNs  has  been  shown  in  several  cases  to 
elicit  specific  mRNA  reduction  in  the  brain  of  rats,  resulting  in  detectable  behavioral 
changes  (3,  4,  5,  see  details  below).  These  experiments  prompted  intensive  research 
efforts  directed  toward  developing  the  potential  of  antisense-based  therapies  for  var¬ 
ious  diseases  of  the  nervous  system  and  several  antisense  “drugs”  directed  toward 
mRNA  transcripts  expressed  in  brain  have  already  reached  clinical  trials  (1,  2).  In 
the  following,  we  discuss  the  accumulated  experience  with  neurochemically-relevant 
examples  of  this  concept. 

At  the  chemical  level,  antisense  oligodeoxynucleotides  (AS-ODNs)  are  designed 
to  operate  by  sequence-specific  binding  to  preselected  RNA  targets.  The  underly¬ 
ing  physical-chemical  principle  for  such  drug-target  interaction  is  hydrogen  bonding 
between  the  pharmacologic  agent  and  heterocyclic  base  moieties  in  its  RNA  target 
(6),  which  conceptually  derives  from  the  synthesis  of  analogs  of  nucleic  acids  as 
model  polymer  systems  (7).  These  analogs  contain  the  heterocyclic  bases  of  nucleic 
acids  but  differ  from  the  natural  polymer  in  the  connecting  backbone.  As  an  example, 
polymers  derived  from  1 -vinyl  uracil  and  1 -vinyl  adenine  were  shown  to  display  in¬ 
hibitory  activity  against  RNA  viruses  (8).  These  and  other  types  of  synthetic  analogs 
of  nucleic  acids  were  described  by  Halford  and  Jones  nearly  30  years  ago  as  future 
drugs.  The  authors  argued  that  as  nuclease-resistant  uncharged  compounds,  these 
analogs  might  be  taken  up  by  cells  more  readily  than  unmodified  charged  oligonu¬ 
cleotides,  and  would  therefore  interfere  with  the  function  of  mRNA  in  biological 
systems.  A  yet  more  important  aspect  of  these  analogs  was  their  longevity.  This  was 
first  demonstrated  for  interferon  induction  by  modified  double  stranded  RNA  (9). 
Nuclease-resistant  phosphorothioate  RNA  was  then  presented  as  a  potentially  more 
effective  inducer  of  interferon  by  virtue  of  its  longer  half-life  in  vivo.  This  pharma- 
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cological  advantage  has  been  used  since  then  for  blocking  various  viral  sequences 
(see,  for  example,  10,  11,  12).  The  same  concept  is  currently  being  exploited  in  the 
design  of  possible  antisense  drugs  for  different  uses,  including  neuropharmacology. 
Like  all  drugs,  AS-ODNs  should  be  tested  for  their  dose  and  time  dependence. 
Thanks  to  their  special  mode  of  functioning  through  hybridization,  they  v^ould 
operate  only  in  those  cells  expressing  their  target  mRNA  transcripts.  This  leaves 
their  vulnerability  to  nuclease  destruction  as  a  major  deficit  hampering  the  devel¬ 
opment  of  AS-ODNs  into  practical  drugs,  which  leads  us  into  the  concept  of  their 
phosphorothioate  modification. 


9.2  The  Concept  of  Phosphorothioate 
Modifications 

While  the  principle  of  antisense  mechanisms  has  been  verified  with  unmodified 
oligomers,  their  therapeutic  applications  require  stabilization  for  improved  half-life. 
Several  types  of  chemical  modification  were  attempted  for  this  purpose  over  the 
years  (for  reviews,  see  1,  2,  13).  Of  these,  the  phosphorothioate  protection  of  inter¬ 
nucleotide  bonds  is  the  one  used  most  frequently. 

Phosphorothioate  modification  of  oligodeoxynucleotides  has  been  in  existence 
now  for  30  years.  It  involves  the  substitution  of  a  non-bridging  oxygen  atom  in  nor¬ 
mal  phosphate  backbones  in  ODNs  with  a  sulfur  atom  (14,  15, 16).  Phosphorothioate 
oligomers  are  water  soluble,  easy  to  produce  by  automated  procedures  and  resis¬ 
tant  to  enzymatic  breakdown.  Interestingly,  cells  take  up  phosphorothioate  oligonu¬ 
cleotides  more  easily  than  was  originally  thought.  This  occurs  not  only  by  passive 
diffusion  across  the  cell  membrane  but  by  endocytosis  as  well. 

Once  the  synthesis  of  phosphorothioated  nucleotides  and  oligonucleotides  was 
demonstrated,  researchers  proceeded  to  demonstrate  the  use  of  such  oligonucleotides 
to  improve  resistance  of  cells  to  viral  infection  in  culture  (9)  and  in  vivo  (17).  By 
the  mid-1970s,  novel  solution  synthesis  methods  were  exploited  to  obtain  a  13-mer 
oligodeoxyribonucleotide  complementary  to  a  portion  of  a  reiterated  terminal  se¬ 
quence  in  Rous  sarcoma  virus  (RSV).  This  enabled  Zamecnik  and  Stephenson  (18) 
to  assess  the  influence  of  such  an  oligonucleotide  on  the  course  of  cellular  infection 
by  RSV.  The  researchers  also  investigated  the  use  of  3’  and  5’  terminal  protection, 
via  source  derivatization,  as  a  means  of  preventing  antisense  oligomer  degradation  by 
exonucleases.  This  strategy  is  now  widely  emulated,  using  different  types  of  nucleic 
acid  modifications. 

Highly  efficient,  yet  uncomplicated  automated  systems  for  protein  sequencing 
(19)  and  oligonucleotide  synthesis  (20,  21)  became  widely  available  at  the  beginning 
of  the  1980s  as  part  of  the  advent  of  genetic  engineering  and  biotechnology.  Simple- 
to-use  automated  DNA  sequencing  was  successfully  marketed  in  1987.  At  about  the 
same  time,  automated  synthetic  chemistries  and  product  purification  protocols  for 
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phosphorothioate  oligonucleotide  analogs  were  commercialized.  This  made  avail¬ 
able  to  investigators  interested  in  the  antisense  approach  the  necessary  technology  to 
more  readily  conduct  their  experimental  programs. 

The  main  potential  value  of  phosphorothioate  oligonucleotides  as  neurochemi- 
cally  active  drugs  lies  in  the  specificity  of  the  hybridization  reaction.  The  repertoire 
of  proteins  that  are  expressed  in  the  brain  is  far  higher  than  in  any  other  tissue,  and 
many  of  these  proteins  share  sequence  homologies  with  other  proteins.  This  leads 
to  non-specific  interactions  of  numerous  drugs  with  proteins  that  resemble  their  in¬ 
tended  target.  In  contrast,  once  phosphorothioate  antisense  oligonueleotides  are  ac¬ 
tively  taken  up  by  cells,  they  find  their  target  mRNA  chains  and  selectively  associate 
with  them  to  form  highly  speeific  RNArDNA  double-strands.  Phosphorothioated 
oligonucleotides  further  increase,  within  these  cells,  the  activity  of  a  particular  ri- 
bonuclease  -  RNaseH  -  which  selectively  destroys  the  double  stranded  RNA  chains. 
Therefore,  the  nuclease  resistance  of  phosphorothioate  AS-ODNs,  their  functional 
specificity  and  their  capacity  to  lead  to  destruction  of  their  target  mRNA  make  this 
approach  advantageous  over  the  use  of  protein  inhibitors  to  block  expression  of  pro¬ 
tein  products  of  single  genes.  This  would  particularly  be  the  case  when  these  protein 
products,  but  not  nucleotide  sequences,  resemble  homologous  molecules. 

Three  questions  which  are  often  asked  with  regard  to  the  use  of  AS-ODNs  re¬ 
fer  to  the  optimal  length  of  AS-ODNs,  to  the  preferred  concentration  of  such  com¬ 
pounds  and  to  the  choice  of  the  location  of  these  AS-ODNs  within  their  target  mRNA 
sequence.  A  recent  study  (22),  demonstrated  that  AS-ODN-mediated  inhibition  is 
strongly  dependent  on  polymer  length  and  concentration  but  almost  independent  of 
location  of  the  target  sequence  along  the  mRNA  chain.  The  study  employed  mi¬ 
croinjection  into  Xenopus  oocytes  of  the  mRNA  for  a-amino-3-hydroxy-5-methyl- 
4-isoxasole  propionate  receptor  and  was  based  on  electrophysiological  measurement 
of  remaining  receptors.  The  authors  compared  phosphorothioate  AS-ODNs  with  un¬ 
modified,  phosphodiester  polymers.  The  choice  of  a  functionally  active  AS-ODN 
should  hence  be  an  essential  initial  phase  in  each  study  which  involves  this  technol¬ 
ogy.  In  both  cases  they  observed  length  dependence,  with  half-maximal  inhibition 
decreasing  from  9.9  nucleotides  for  non-protected  AS-ODNs  to  7.6  for  the  phos¬ 
phorothioated  ones.  Phosphorothioate  and  phosphodiester  AS-ODNs  of  12  and  15 
nucleotides,  respectively,  sufficed  to  block  95%  of  their  target  mRNA.  However, 
phosphorothioate  protection  reduced  the  AS-ODN  concentration  needed  for  half- 
maximal  inhibition  from  18  ng/)il  to  as  low  as  0.19  ng/|il  for  12-mer  oligos.  This 
100-fold  difference  may  make  an  analytically  useful  compound  into  an  economi¬ 
cally  sensible  drug,  which  emphasizes  the  value  of  phosphorothioate  protection  for 
AS-ODN  drug  design.  Octamer  AS-ODNs  dispersed  throughout  the  target  mRNA, 
from  the  initiator  AUG  to  the  3 ’-untranslated  region,  reduced  by  70%  the  level  of  the 
tested  mRNA  (22).  It  should  be  noted,  however,  that  this  is  one  specific  case;  with 
regard  to  other  genes,  certain  sites  on  the  mRNA  may  make  better  targets  than  others. 
In  another  study,  18  different  AS-ODNs  were  designed  against  various  domains  in  a 
specific  mRNA  sequence,  but  only  3  of  those  were  satisfactorily  effective  (23).  The 
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Tab.  9. 1  Historical  milestones  in  the  development  of  phosphorothioate  antisense  technology 


Milestone  Example 

References 

1  Synthesis  of  phosphorothioated  nucleotides  14 

2  Synthesis  of  nuclease-resistant  nucleic  acid  analogs  7 

3  Induction  of  interferon  in  vitro  and  in  vivo  by  modified  double  stranded  RNA  9,  17 

4  Demonstration  of  inhibitory  activity  against  RNA  viruses  8 

5  Suppression  of  Rous  sarcoma  virus  infection  by  a  13-mer  AS-ODN  18 

6  Automation  of  protein  sequencing  19 

7  Automation  of  oligonucleotide  synthesis  20,  21 

8  Pharmacokinetics  and  toxicology  studies  of  phosphorothioate  AS-ODNs  24 


9  Demonstration  of  sequence-independent  protein  binding  activity  of  AS-ODNs  24,  79 


choice  of  a  functionally  active  AS-ODN  should  hence  be  an  essential  initial  phase  in 
each  study  which  involves  this  technology. 

When  administered  to  live  animals,  phosphorothioate  oligonucleotides  were  ar¬ 
gued  to  be  unevenly  distributed  in  different  tissues  and  organs,  with  kidney,  liver  and 
bone  marrow  being  their  main  targets  (24).  At  least  part  of  their  effects  in  these  tis¬ 
sues  may  be  due  to  AS-ODN-protein  interactions,  particularly  with  nuclear  proteins 
in  young,  proliferating  bone  marrow  cells  (25).  Consequently,  their  main  toxicologi¬ 
cal  outcome  is  paucity  of  blood  platelets,  thrombocytopenia  (24).  However,  it  is  quite 
clear  that  what  disadvantages  the  phosphorothioates  have  or  might  have  are  far  out- 
weighted  by  the  advantages  that  this  particular  modification  offers  as  compared  to 
the  potential  use  of  unmodified  AS-ODNs  or  of  those  carrying  other  modifications. 
This  is  clearly  seen  by  the  fact  that  almost  all  publications  in  the  antisense  field  em¬ 
ploy  this  particular  modification  (for  reviews  see  1,  2,  26).  This  development  sheds 
new  light  on  the  phosphorothioate  invention,  the  importance  of  which  could  not  be 
fully  imagined  beforehand,  and  which  transported  the  antisense  technology  from  a 
basic  biomedical  science  tool  to  a  pharmacological  approach  of  potentially  great 
clinical  value.  Table  9.1  presents  some  key  historical  milestones  for  the  development 
of  phosphorothioate  antisense  technology. 


9.3  False  Positive  and  False  Negative  Outcome  of 
AS-ODNs 


Like  many  other  therapeutic  protocols,  the  use  of  AS-ODNs  may  lead  to  a  false  pos¬ 
itive  or  a  false  negative  outcome.  False  positive  results  will  be  obtained  when  the 
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functioning  of  the  target  protein  is  suppressed  through  mechanisms  other  than  AS- 
ODN-mRNA  hybridization.  For  example,  the  host  cells  may  respond  to  the  mere 
presence  of  the  AS-ODN  agent  by  suppressing  production  of  many  proteins,  includ¬ 
ing  the  intended  one.  This  may  imply  that  the  target  protein  belongs  to  a  susceptible 
subgroup  of  gene  products  whose  expression  is  vulnerable  to  external  stimuli.  Alter¬ 
natively,  the  selected  AS-ODN  may  exert  its  effect  through  non-sequence  dependent 
competition  with  endogenous  host  genes  or  mimic  bacterial  or  viral  motifs  and  there-' 
fore  elicit  responses  characteristic  of  attacks  by  such  entities.  Stein  and  Krieg  refer  to 
such  false  positives  in  their  recent  editorial  (27).  They  point  out  that  a  positive  drug 
effect  is  what  drug  developers  aim  for;  however,  such  false  positives  may  become  a 
dangerous  precedence  for  subsequent  development  of  other  drugs  using  the  antisense 
principle. 

A  false  negative  outcome  of  AS-ODNs  may  be  yet  more  frustrating  than  a  false 
positive,  as  in  this  case  the  AS-ODN  agent  totally  fails  to  suppress  the  functioning 
of  the  protein  translated  from  its  target  mRNA.  This  may  happen  if  the  protein  in 
question  is  very  stable,  if  it  is  present  in  the  cell  in  high  levels  or  when  total  RNA 
transcription  is  enhanced  as  a  reaction  to  the  treatment.  Worse,  yet,  it  is  possible  to 
predict  that  the  suppression  effect  of  certain  AS-ODNs  will  last  only  very  briefly, 
as  it  will  immediately  elicit  a  selective  feedback  response  leading  to  increase  in  the 
level  of  its  target  mRNA.  Finally,  complex  combinations  of  all  of  the  above  possi¬ 
bilities  may  further  obscure  the  picture,  preventing  evaluation  of  the  mechanism(s) 
of  response.  Also,  AS-ODNs  targeted  to  consensus  domains  in  genes  that  belong  to 
large  families  may  interact  with  a  certain  region  in  many  genes  (for  example,  the  se¬ 
quence  encoding  the  membrane  spanning  domain  in  a  specific  family  of  receptors). 
Suppression  of  several  receptors  may  in  this  case,  be  wrongly  interpreted  as  gen¬ 
eral  toxicity  when  in  fact  it  represents  a  true  antisense  mechanism,  albeit  to  many 
sequences. 

All  this  does  not  preclude  the  antisense  approach,  neither  does  it  imply  that  in  us¬ 
ing  this  new  technology  one  encounters  more  difficulties  than  when  developing  con¬ 
ventional  drugs.  It  is  conceivable  that  any  drug  causes  complex  feedback  responses 
and  that  false  positives  and  negatives  appear  for  numerous  reasons  in  any  case  of  ra¬ 
tional  drug  design.  However,  as  approval  of  new  drugs  for  human  use  is  increasingly 
more  difficult,  one  should  be  aware  of  the  pitfalls  that  lie  ahead,  even  more  so  when 
the  drug  involved  is  based  on  human  genome  data. 


9.4  Drug  Delivery 

The  obvious  difficulty  in  delivery  of  AS-ODN  drugs  to  the  brain  stimulated  consid¬ 
erable  efforts  toward  solving  this  problem,  and  several  innovative  approaches  have 
been  developed  which  improve  the  penetration  of  AS-ODNs  into  the  brain  and  the 
targeting  of  such  molecules  to  specific  brain  regions.  At  the  mechanical  level,  high- 
flow  microinfusion  at  a  constant  flow  rate  of  3  pl/min  into  the  gray  matter  distributes 
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macromolecules  into  an  area  with  a  1.5  cm  radius  within  12  hr.  (28).  This  may  as¬ 
certain  that  the  delivered  AS-ODN  will  be  distributed  throughout  a  certain  nucleus 
in  the  human  brain.  The  concentration  of  delivered  material  is  rather  uniform,  which 
is  important  for  preventing  toxicity.  A  totally  different  delivery  approach  involves 
the  use  of  the  avidin-biotin  conjugation  reaction  for  improved  protection  of  AS- 
ODNs  against  serum  nuclease  degradation  (29).  According  to  this  concept  the  AS- 
ODN  agents  are  monobiotinylated  at  their  3 ’-end.  When  reacted  with  avidin,  they 
form  tight,  nuclease-resistant  complexes  with  6-fold  improved  stability  over  non- 
conjugated  ODNs.  A  major  concern  regarding  this  approach  is  that  the  tight  com¬ 
plex  may  prevent  the  subsequent  uptake  of  these  well-protected  agents  into  cells. 
This  additional  difficulty  may  be  solved  by  the  use  of  liposomes  for  AS-ODN  de¬ 
livery  (30).  WTiile  these  phospholipid  vesicles  were  mainly  introduced  into  the  field 
to  treat  tumors,  they  may  be  of  value  also  for  delivery  into  the  brain  (31).  A  method 
which  combines  the  lipophilic  advantage  of  liposomes  with  the  efficiency  of  direct 
conjugation  is  based  on  chemical  conjugation  of  cholesteryl  moieties  to  the  AS- 
ODN  agent  (32).  Wlien  conjugated  to  the  5 ’end  of  a  phosphorothioate  AS-ODN,  the 
elimination  half-life  of  these  agents  is  shortened  (from  55  to  23  hr).  The  cholesteryl 
oligonucleotides  suppress  their  target  mRNAs  in  a  sequence-specific  manner  in  spite 
of  their  reduced  bioavailability.  However,  they  are  hepatotoxic  at  concentrations 
above  1  mg/kg. 

The  main  obstacle  for  AS-ODN  transport  into  the  brain  is  the  blood  brain  barrier 
(BBB).  This  capillary  endothelial  wall  may  be  penetrated  by  ICV  drug  infusion  or 
hyperosmotic  treatment  (i.e.  using  mannitol),  by  using  liposomes  or  by  coupling  the 
transported  agent  to  a  transport  peptide  that  is  known  to  enter  the  brain  by  absorp¬ 
tive  or  receptor-mediated  transcytosis.  For  example,  a  monoclonal  antibody  to  the 
transferrin  receptor  operates  as  an  efficient  BBB  transporter  (31,  33).  When  injected 
intravenously,  it  concentrates  the  coupled  agent  in  brain  (5-fold  over  plasma  con¬ 
centration)  within  5  hr.  The  coupling  may  be  chemical  or  biological  (i.e.  through 
avidin-biotin  connection).  In  this  case  as  well,  the  question  arises  to  what  extent 
such  complexes  will  disintegrate  once  they  reach  the  inner  side  of  the  BBB  and  en¬ 
ter  their  target  neurons.  However,  the  method  certainly  increases  BBB  penetration. 
Brain  oligonucleotide  uptake  was  recently  shown  to  be  improved  by  this  method  to 
the  extent  that  0.1%  of  the  injected  dose  reach  brain  within  60  min  following  intra¬ 
venous  injection  (comparable  to  the  brain  uptake  of  morphine)  (34). 


9.5  Antisense  Modulation  of  Behavioral 
Phenotypes  in  Mammals 

While  several  AS-ODN  drugs  are  currently  being  tested  in  clinical  trials,  none  of 
them  is  yet  designed  for  treating  neurodegenerative  disease,  probably  due  to  the  com¬ 
plex  and  yet  unraveled  mechanisms  underlying  the  development  of  such  diseases 
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which  has  prevented  the  identification  of  an  appropriate  target  mRNA.  However, 
ample  research  is  being  performed  which  tackles  the  issue  of  modulating  behavioral 
phenotypes  in  mammals,  an  inevitable  phase  preceding  serious  development  of  ra¬ 
tionally  designed  drugs. 

Over  the  past  few  years,  AS-ODNs  were  employed  for  in  vivo  modulation  of 
diverse  behavioral  phenotypes.  Several  of  those  were  aimed  at  preventing  anxiety. 
AS-ODNs  which  suppress  the  levels  of  corticotropin-releasing  hormone  when  ICV 
infused  at  three  30  |ig  doses  12  hr  apart,  were  shown  to  attenuate  social  defeat- 
induced  anxiety  in  rats  (4).  Direct  injection  of  c-fos  AS-ODNs  into  the  amygdala 
suppressed  the  c-fos  expression  induced  by  anxiety  and  functioned  similarly  to  an¬ 
tianxiety  drugs  (35,  36).  Infusion  of  AS-ODNs  directed  against  the  VI  vasopressin 
receptor  gene  into  the  septum  suppressed  social  discrimination  abilities  and  anxiety- 
related  behavior  in  rats  (37).  Other  AS-ODNs  had  more  general  effects.  An  increase 
in  cholinergic  neurotransmission  occurred  in  rats  injected  with  AS-ODNs  to  the  5- 
ht6  receptor  gene;  this  was  accompanied  by  a  phenotype  of  yawning,  stretching  and 
chewing  which  could  be  antagonized  by  atropine  in  a  dose-dependent  manner  (38). 
Injection  of  AS-ODNs  targeted  at  galanin  mRNA  into  the  paraventricular  nucleus  re¬ 
duced  fat  ingestion  and  body  weight  gain  (39),  demonstrating  a  definite  function  for 
this  intriguing  peptide  in  the  mammalian  brain.  A  less  direct  effect  was  demonstrated 
by  inhibition  of  proopiomelanocortin  expression.  An  AS-ODN  against  P-endorphin 
mRNA  (40)  reduced  adrenocortiocotropin  (ACTH)  and  P-endorphin  concentrations 
in  corticotrophic  cell  cultures,  while  not  affecting  the  cellular  levels  of  irrelevant 
proteins  or  cell  viability  and  proliferation.  When  microinfused  into  the  rat  hypotha¬ 
lamic  arcuate  nucleus,  this  AS-ODN  reduced  ACTH  and  P-endorphin  levels  and  sup¬ 
pressed  the  grooming  behavior  characteristic  of  exposure  to  a  novel  environment. 

Another  behaviorally  important  neuropeptide  produced  in  the  arcuate  nucleus, 
neuropeptide  Y,  controls  feeding  behavior.  Direct  anti-neuropeptide  Y  AS-ODN  in¬ 
jection  to  the  arcuate  nucleus  at  daily  intervals  reduced  neuropeptide  Y  levels  by 
40%  in  the  arcuate  nucleus  but  not  in  adjacent  nuclei,  and  suppressed  appetite  (39). 
While  this  finding  demonstrates  clearly  that  the  effect  of  this  AS-ODN  was  highly 
specific,  it  also  indicates  the  drug  distribution  problem  which  may  be  associated  with 
the  use  of  AS-ODN  to  suppress  expression  of  genes  normally  expressed  in  the  brain. 

The  antisense  approach  has  also  been  used  to  explore  the  behavioral  patterns 
caused  by  drugs  of  abuse.  One  target  of  such  AS-ODNs  was  the  D2  dopamine 
receptor,  thought  to  control  certain  behavioral  responses  to  cocaine,  particularly  the 
characteristic  walking  in  close  circles.  Unilateral  administration  to  the  rat  substantia 
nigra  of  AS-ODNs  to  the  mRNA  translated  into  this  receptor  suppressed  the  cocaine 
rotational  response  of  the  treated  rats  while  reducing  the  D2  receptor  in  the  sub¬ 
stantia  nigra  (41)  by  40%.  This  in  vivo  effect  was,  however,  more  limited  than  that 
observed  with  the  same  AS-ODN  in  cultured  retinoblastoma  cells,  where  1  |JiM  of 
the  AS-ODN  suppressed  D2  dopamine  receptor  levels  by  57%  within  3  days.  This 
study  thus  sheds  light  on  a  problem  particular  to  the  use  of  AS-ODNs  in  the  brain: 
there  is  a  limited  accessibility  to  nerve  cells  in  vivo,  even  under  the  cumbersome 
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approach  of  ICV  administration.  In  another  experiment,  c-fos  AS-ODNs  generated 
apomorphine  and  amphetamine-induced  rotation.  To  this  end,  sodium  pentobarbital- 
anaesthesized  rats  were  injected  ipsilaterally  with  an  AS-ODN  against  c-fos  and  con- 
tralaterally  with  a  “sense”  ODN  into  the  striatum.  When  treated  10  hr  later  with  an 
amphetamine  or  apomorphine,  these  rats  showed  drug-induced  rotation  toward  the 
AS-ODN-treated  side  (42).  Also,  c-fos  and  Jun-B  levels  were  reduced  in  striatal 
neurons  at  the  AS-ODN  treated  hemisphere,  suggesting  that  the  c-fos  AS-ODN  sup¬ 
pressed  the  drug-induced  behavioral  phenotype  (43). 

The  selectivity  of  behavioral  phenotypes  associated  with  the  D2  dopamine 
receptor  was  examined  by  in  vivo  administration  of  a  D2  AS-ODN  into  the  striatum 
of  mice  with  unilateral  lesions  induced  by  6-hydroxy  dopamine  (44).  When  chal¬ 
lenged  by  acute  injections  of  various  agents  that  cause  D2-associated  contralateral 
rotational  behavior  (i.e.  quinpirole)  these  mice  did  not  rotate.  In  contrast,  injections 
of  the  muscarinic  cholinergic  receptor  agonist  oxotremorine  induced  rotational  be¬ 
havior  both  in  control  mice  and  in  those  treated  with  the  D2  receptor  AS-ODN.  The 
reduction  in  quinpirole-induced  rotational  behavior  was  related  to  the  amount  and 
length  of  time  the  D2  AS-ODN  was  given.  The  effect  was  visible  after  1  day  of 
treatment  and  almost  completely  disappeared  by  6  days.  Yet  the  effect  was  reversible 
within  2  days  after  cessation  of  treatment.  It  was  also  associated  with  significant 
and  selective  reduction  in  D2  receptor  mRNA  within  the  striatum,  suggesting  a  gen¬ 
uine  antisense  mechanism.  Table  9.2  presents  these  recent  examples  for  behavioural 
functions  modulated  by  AS-ODNs. 


9.6  AS-ODNs  and  Human  Neuropathology 

When  considering  the  use  of  antisense  drugs  for  treating  nervous  system  diseases, 
several  special  arguments  should  be  kept  in  mind. 

First,  brain  neurons  are  terminally  differentiated  cells  for  which  there  will  be 
no  replacement.  This  implies  that  special  care  should  be  taken  to  minimize  both 
sequence-dependent  and  sequence-independent  cytotoxicity  of  AS-ODNs.  Also,  the 
lifetime  of  a  neuron  by  far  exceeds  that  of  cells  in  other  tissues.  Therefore,  it  may 
be  much  more  difficult  to  change  properties  of  a  neuron  than,  for  example,  those 
of  a  tumor  cell.  However,  once  modified,  the  affected  neuron  will  survive  and  not 
proliferate. 

Second,  the  intricate  networks  connecting  brain  neurons  predict  that  suppression 
of  the  level  of  particular  mRNA  transcripts  or  their  protein  products  in  a  particu¬ 
lar  brain  region  may  affect  totally  different  brain  regions  due  to  complex  and  not- 
yet-understood  signal  transduction  mechanisms.  Another  outcome  of  neuronal  com¬ 
plexity  is  that  the  feedback  responses  to  AS-ODN-induced  changes  can  hardly  be 
predicted.  Therefore,  the  establishment  of  AS-ODN  therapies  for  nervous  system 
diseases  necessitates  careful  pre-clinical  studies  in  both  cultured  neurons  and  animal 
models.  This,  however  highlights  yet  one  more  difficulty,  that  of  species  specificity. 
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Tab.  9.2  Recent  Brain-expressed  Targets  in  AS-ODN  Studies 


Protein  product  of  Modulated  behavioral  Function  References 

target  gene 


1 

2 


3 

4 

5 

6 

7 

8 


Corticotropin-releasing 

hormone 

attenuation  of  social-defeat  induced 
anxiety  in  rats 

4 

c-fos 

suppression  of  anxiety; 
generation  of  apomorphine  and 
amphetamine-induced  behavior 

35,  36, 42 

V 1  vasopressin  receptor 

suppression  of  social  discrimination  ability 
and  anxiety 

37 

5-ht6  receptor 

enhanced  cholinergic  neurotransmission, 
yawning,  stretching 

38 

galanin 

reduced  fat  ingestion 

39 

XCS-endorphin 

suppressed  response  to  novel  environment 

40 

neuropeptide  Y 

suppression  of  appetite 

39 

D2  dopamine  receptor 

suppression  of  cocaine  response; 
suppression  of  quinpirole  response 

41,44 

Primate  experiments  are  excluded  from  many  studies  because  of  economic  con¬ 
cerns,  yet  the  rodent  brain  differs  from  the  human  in  many  different  aspects.  Also, 
several  human  diseases  of  major  importance  (i.e.  Alzheimer’s  disease,  multi-infarct 
dementia)  do  not  occur  in  rodents.  Finally,  due  to  species-specific  differences  in 
codon  usage,  AS-ODNs  studied  in  rodents  may  differ  from  those  to  be  developed 
later  as  drugs  for  human  use.  This  adds  to  the  risk  involved  in  subsequent  clinical 
studies. 

Once  these  conceptual  arguments  have  been  met,  technical  difficulties  emerge. 
As  stated  above,  delivery  of  AS-ODN  drugs  to  the  brain  is  far  more  complex  than  to 
any  other  tissue  or  organ.  Drug  pharmacokinetics  in  the  brain  should  also  be  more 
complex  than  in  any  other  tissue,  as  the  rate  of  removal  of  AS-ODNs  from  particu¬ 
lar  subsets  of  neurons  might  depend  on  transient  parameters  such  as  electrophysio- 
logical  firing  rate,  synaptic  plasticity  and  circadian  rhythm.  Yet  one  more  difficulty 
is  late  diagnosis:  many  nervous  system  diseases  are  diagnosed  in  advanced  stages, 
when  most  of  the  relevant  neurons  have  already  died  and  the  mode  of  functioning  of 
the  remaining  ones  has  been  drastically  altered  from  that  characteristic  of  the  normal 
state.  Therefore,  the  ultimate  levels  of  the  target  mRNA  transcripts  will  be  highly 
variable  between  patients  and  with  disease  progression;  however,  in  most  cases  it 
is  extremely  difficult  to  define  the  disease  stage,  as  diagnosis  is  generally  based  on 
subjective  criteria  and  because  most  nervous  system  diseases  limit  the  caretaker’s  ca¬ 
pacity  to  evaluate  the  patient’s  mental  state.  All  this  is  well  illustrated  for  Alzheimer’s 
disease,  as  is  presented  in  the  following. 
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9.7  The  Challenges  of  Alzheimer's  disease 

Recent  studies  unraveled  several  genes  whose  protein  products  are  abnormally  ex¬ 
pressed  in  the  demented  brain.  However,  the  primary  cause(s)  of  Alzheimer’s  disease 
are  not  yet  known,  which  complicates  the  choice  of  target  genes  and/or  proteins 
whose  functions  should  be  blocked  for  attenuating  the  progress  of  this  neurodegen¬ 
erative  disease.  One  clear  fact  is  that  cholinergic  neurotransmission  is  perturbed  in 
the  Alzheimer’s  disease  brain.  This  has  been  the  basis  for  past  and  present  therapies 
and  it  is  on  this  fact  that  our  current  report  is  focused.  This,  in  turn,  requires  a  short 
introduction. 

The  Cholinegic  Hypothesis 

Acetylcholine  (ACh)  is  the  agent  which  mediates  neurotransmission  in  cholinergic 
brain  synapses.  Impaired  cholinergic  neurotransmission  may  result  from  pathologi¬ 
cal  or  pharmacological  insults  that  alter  the  balanced  interaction  between  ACh  and 
its  receptors  (45).  Alzheimer’s  disease  (AD)  is  characterized  by  a  selective  loss  of 
ACh-producing  neurons  (46).  The  cholinergic  hypothesis  of  AD  proposes  that  loss 
of  cholinergic  neurons  leads  to  an  ACh  deficit  which  is  correlated  with  progressive 
degeneration  of  central  cholinergic  systems  and  the  accompanying  deterioration  of 
cognitive  function  characteristic  of  AD  patients  (46,  47,  48).  About  5-10%  of  cases 
are  genetically  determined,  but  even  within  this  group,  there  are  at  least  four  classes, 
associated  with  four  different  chromosomes.  The  great  majority  of  AD  cases  do  not 
have  an  obvious  hereditary  component,  but  most  cases  of  whatever  origin,  are  char¬ 
acterized  by  microscopic  abnormalities  in  brain  tissue,  called  plaques  and  tangles. 
These  structures  have  been  for  pathologists,  the  diagnostic  feature  of  AD,  and  much 
effort  has  gone  into  characterizing  the  constituent  protein,  P-amyloid,  abnormalities 
of  which  lead  to  the  plaques  and  tangles.  The  concept  that  cholinergic  imbalance  may 
be  etiologically  associated  with  the  impaired  cognitive  performance  in  AD  was  sup¬ 
ported  by  studies  in  aging  rats  (49  and  references  therein)  and  recently  strengthened 
by  the  finding  that  transgenic  mice  which  overexpress  the  enzyme  that  hydrolyzes 
ACh,  acetylcholinesterase  (AChE)  in  brain  neurons  display  progressive  deteriora¬ 
tion  in  spatial  learning  and  memory  (50).  Altogether,  these  findings  support  the  no¬ 
tion  that  an  approach  aimed  at  redressing  the  cholinergic  imbalance,  e.g.  suppression 
of  AChE  levels,  should  be  therapeutically  beneficial  for  treating  AD  patients. 

The  Pharmacological  Approach 

A  widely  accepted  approach  to  the  retardation  of  the  AD-related  decline  of  cognitive 
functions  has  been  to  reverse  the  ACh  deficit  with  cholinesterase  inhibitors  (48).  Nor¬ 
mally,  AChE  serves  to  restrict  duration  of  the  post-synaptic  response  by  hydrolyz¬ 
ing  ACh  to  acetate  and  choline.  In  the  well-studied  vertebrate  neuromuscular  junc¬ 
tion  (NMJ),  AChE  inhibitors  have  proven  effective  in  prolonging  miniature  endplate 
potentials,  presumably  by  extending  the  lifetime  of  ACh  released  into  the  synap- 
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tic  cleft  and  thereby  increasing  the  number  of  receptor-transmitter  interactions  (45). 
Tacrine  (THA,  tetrahydroamino-acridine,  Cognex®)  -  the  first  FDA-approved  AD 
drug  -  is  a  potent  AChE  inhibitor  which  relieves  cognitive  symptoms  in  30-50%  of 
mildly  to  moderately  affected  AD  patients  (51,  52).  Unfortunately,  anti- AChE  ther¬ 
apies  for  AD,  including  tacrine,  are  associated  with  exacerbated  cholinergic  deficits, 
hematopoietic  irregularities,  and  hepatotoxicity  in  some  patients  (48,  53).  Thera¬ 
peutic  response  and  hypersensitivity  to  these  drug  regimens  are  likely  attributable 
to  individually  variable  interactions  of  AChE  inhibitors  with  other  proteins,  espe¬ 
cially  the  homologous,  but  genetically  diverse,  serum  enzyme  butyrylcholinesterase 
(BuChE;54).  Thus,  a  more  selective  approach  for  AD  is  called  for. 

A  Molecular  Biology  Approach 

When  searching  for  appropriate  target  genes,  the  suppression  of  which  could  be  ad¬ 
vantageous  for  treating  AD  patients,  one  remembers  the  tangle  structures  that  charac¬ 
terize  the  pathophysiology  of  this  disease.  The  tangles  are  composed  of  disarranged 
microtubules  with  abnormally  high  phosphorylation  levels  of  the  microtubule- 
associated  protein  tau.  When  transfected  with  tau  DNA,  pheochromocytoma  PC  12 
cells  responded  to  nerve  growth  factor  by  extending  neurites  more  effectively  than 
control  cells;  when  transfected  with  anti-tau  DNA,  these  cells  failed  to  extend  neu¬ 
rites  in  response  to  nerve  growth  factor  treatment  (55).  In  principle,  anti-tau  AS- 
ODNs  might  hence  suppress  formation  of  the  tangle  structures.  Other  important  hall¬ 
marks  of  AD  pathology  are  the  plaque  structures  which  contain  precipitated  amyloid 
peptides.  When  PC  12  cells  were  treated  with  AS-ODNs  to  suppress  amyloid  pep¬ 
tide  production,  they  lost  the  ability  to  respond  to  nerve  growth  factor  by  extending 
neurites  (56).  However,  if  nerve  growth  factor  treatment  preceded  the  addition  of 
AS-ODNs,  the  oligonucleotides  had  no  effect.  This  study  therefore  implies  that  AS- 
ODN  treatment  for  suppressing  amyloid  peptide  production  should  be  initiated  prior 
to  plaque  formation,  a  major  difficulty  under  today’s  conditions  when  no  prognosis 
or  early  diagnosis  is  available. 

Another  intriguing  property  of  AD  plaques  is  that  they  stain  positively  for  AChE 
activity.  AChE  has  a  morphogenic  activity  in  transfected  glial  cells  (57),  transiently 
transgenic  Xenopus  embryos  (58)  and  transgenic  mice  (59).  This  suggests  that  the 
value  of  anti-AChE  therapies  could,  at  least  in  part,  be  related  to  suppression  of  this 
morphogenic  activity  and  hence  of  plaque  growth.  Here  again,  a  molecular  biology 
approach  may  be  of  benefit.  This  and  the  long-recognized  low  selectivity  of  anti- 
AChE  inhibitors  prompted  the  search  for  alternative  strategies  to  block  AChE  activity 
in  vivo.  Taking  advantage  of  the  divergent  nucleotide  sequences  of  the  genes  which 
encode  AChE  and  BuChE,  we  developed  the  technology  for  selective  inhibition  of 
AChE  expression  in  living  cells  by  use  of  partially  phosphorothioated  AS-ODNs  (15, 
25)  targeted  against  AChEmRNA  (60, 61).  Thanks  to  the  precise  and  specific  interac¬ 
tion  of  such  AS-ODNs  with  their  mRNA  target,  we  hoped  that  they  would  efficiently 
block  biosynthesis  of  AChE  via  RNaseH-mediated  destruction  of  the  message,  or  by 
steric  interference  with  RNA  splicing  or  translation  (1).  In  light  of  their  high  speci- 


9.  Potential  Antisense  Oligonucleotide  Therapies  for  Neurodegenerative  Diseases  153 

ficity  and  low-dose  biological  effects,  AS-ODNs  targeted  against  AChEmRNA  can 
potentially  offer  a  promising  new  alternative  strategy  to  cholinomimetic  treatment  of 
AD,  which  require  evaluation  in  cultured  neurons  as  well  as  in  an  appropriate  mam¬ 
malian  model  prior  to  the  initiation  of  clinical  trials.  Therefore,  and  because  this  is 
the  AS-ODN  study  with  which  we  are  most  familiar,  we  chose  to  present  it  in  more 
detail. 


9.8  Human  Cholinesterase  Genes  as  Potential 
Targets  for  Antisense  Therapy 

Cholinesterases  (ChEs)  are  the  enzymes  which  terminate  each  nerve  impulse  by  hy¬ 
drolyzing  ACh.  There  are  two  distinct  ChE  genes  in  all  vertebrates.  The  two  hu¬ 
man  genes,  ACHE  and  BCHE,  were  cloned,  mapped  to  specific  chromosomal  sites 
and  expressed  in  transgenic  organisms  (reviewed  by  62,  63).  Interestingly,  these  two 
genes  are  very  different  in  their  base  composition  and  nucleotide  sequence.  This  en¬ 
sures  that  antisense  agents  targeted  to  the  RNA  product  of  AChE  will  not  interact 
with  the  RNA  product  of  BCHE.  The  selectivity  of  AS-ODN  agents  therefore  fa¬ 
vors,  in  this  gene  family,  the  antisense  approach.  In  contrast,  most  inhibitors  targeted 
to  one  of  the  ChE  proteins,  like  carbamates  and  organophosphates,  will  also  interact 
with  the  other,  since  these  proteins  are  50%  identical  and  >85%  homologous  (re¬ 
viewed  by  64).  As  the  BCHE  gene  is  frequently  subject  to  mutation,  the  level  and 
properties  of  its  protein  product  are  highly  variable.  This  situation  further  compli¬ 
cates  the  use  of  ChE  inhibitors  (54),  yet  should  not  interfere  with  the  action  and 
specificity  of  AS-ODNs  targeted  at  ChE  genes. 

An  important  consideration  when  designing  a  drug  is  that  its  function  will  not 
perturb  basic  biological  properties  other  than  that  for  which  it  is  intended.  For  exam¬ 
ple,  for  neurochemical  uses  of  antisense  drugs  to  suppress  the  expression  of  ChEs, 
one  needs  to  assure  sustained  neuromuscular  communication  by  selecting  AS-ODN 
doses  which  will  sufficiently  inhibit  these  enzymes  in  the  brain  but  will  not  reduce 
their  levels  in  NMJs  that  essential  amount  required  for  breathing  and  other  motor 
functions.  Furthermore,  the  use  of  anti-ChEs  in  AD  is  based  on  the  assumption 
that  AChE  is  primarily  involved  in  the  termination  of  cholinergic  neurotransmission. 
However,  as  is  the  case  with  many  other  proteins,  the  biological  role  of  ChEs  may  in¬ 
clude  additional  functions.  For  example,  accumulating  evidence  suggests  that  AChE 
is  also  involved  in  the  regulation  of  nervous  system  development.  To  this  end,  it  was 
shown  using  several  experimental  approaches  that  expression  of  AChE  during  the 
early  stages  of  brain  development  correlates  closely  with  the  major  phase  of  neu- 
rite  outgrowth  (65,  66).  When  overexpressed  in  transgenic  Xenopus  tadpoles,  the 
brain  and  muscle  form  of  the  enzyme  accumulates  in  NMJs  and  enhances  their  de¬ 
velopment  (58,  67).  In  the  C6  glioma  cell  line,  transfected  ACHE  DNA  induces 
cytomorphological  alterations  that  lead  to  process  extensions  (57).  Moreover,  it  was 
recently  shown  that  AChE  stimulates  neurite  outgrowth  from  cultured  chick  neurons 
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in  a  manner  unrelated  to  its  catalytic  activity  (68,  69).  Therefore,  AS-ODNs  targeted 
to  the  ACHE  gene  can  be  expected  to  affect  both  neurochemical  and  morphogenic 
effects. 

There  are  at  least  three  options  for  alternative  splicing  of  ACHEmRNA  tran¬ 
scripts,  with  distinct  tissue  distribution  for  each  of  these  mRNA  subtypes  (57,  70) 
and,  possibly,  different  biological  functions.  Therefore,  one  would  like  to  distinguish 
between  ACHEmRNA  subtypes  involved  in  specific  function(s)  and  target  AS-ODNs 
toward  those  domains  in  the  AChEmRNA  chain  which  are  required  for  the  function 
to  be  perturbed,  without  interfering  with  other  functions  of  the  AChE  protein.  To 
this  end,  we  decided  to  examine  the  antisense  approach  for  inhibiting  AChE  expres¬ 
sion  in  primary  murine  neuronal  cultures.  It  should  be  emphasized  in  this  context, 
that  the  neuropathological  hallmark  of  AD,  the  plaque  structure,  includes  abnormally 
grown  processes  that  cytochemically  stain  for  AChE  activity.  Therefore,  in  this  case 
we  were  interested  in  suppressing  the  morphogenic  activity  of  AChE  in  addition  to 
suppressing  some  of  its  catalytic  capacity.  It  so  happened  that  this  preclinical  study 
combined  several  aspects  of  AS-ODN  studies  in  the  use  of  in  vivo  and  ex  vivo  sys¬ 
tems  and  required  several  different  techniques  for  analyzing  the  outcome  of  AS-ODN 
administration.  In  the  following,  we  describe  these  experiments  with  some  details  re¬ 
ferring  to  the  methods  employed  and  the  interpretation  of  the  results. 

9.9  Effects  of  Antisense  Oligonucleotides  Targeted 
to  Primary  Neuron  mRNAs 

Important  considerations  in  the  design  of  an  AS-ODN  approach  for  use  with  neu¬ 
rons  is  the  uptake  mechanism  of  the  AS-ODNs  and  their  potential  capacity  to  block 
expression  of  their  target  genes.  The  uptake  of  AS-ODNs  directed  against  neu¬ 
ronal  ACh  receptors  was  studied  in  cultured  chick  primary  neurons  (71).  Fifteen- 
mer  AS-ODNs  added  to  the  culture  medium  were  taken  up  into  the  cell  bodies  in 
a  temperature-dependent,  saturable  manner  (up  to  20  pM).  Monomeric  nucleotides 
(AMP,  ATP)  competed  effectively  with  this  active  uptake  process  in  a  manner  rem¬ 
iniscent  of  the  endocytosis  of  AS-ODNs  described  in  non-neuronal  cells.  The  ef¬ 
ficiency  of  uptake  depended  on  the  age  of  the  embryos  from  which  neurons  were 
removed  but  not  on  the  number  of  days  that  these  neurons  were  maintained  in  vitro. 
The  functioning  of  neuronal  nicotinic  ACh  receptors  was  effectively  blocked  in  these 
neurons  by  suppressing  expression  of  the  a3  subunits  of  these  receptors  (by  80-90%). 
Electrophysiological  analyses  demonstrated  abnormal  properties  of  remaining  recep¬ 
tors,  suggesting  aberrant  assembly  of  other  receptor  subunits.  This  study  paved  the 
way  for  further  manipulations  of  mammalian  brain  neurons. 

Primary  Neuron  ACHE  Antisense  Studies 

To  study  the  involvement  of  AChE  in  mammalian  neurite  outgrowth  and  differ¬ 
entiation,  we  added  synthetic  20-mer  3 ’-terminally  phosphorothioated  AS-ODNs 
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complementary  to  two  alternative  exons  in  the  ACHE  gene,  to  primary  neuronal 
cultures  from  14  day-old  embryonic  (E14)  mouse  whole  brain.  Cells  grown  for 
24  hr  in  serum-free  medium  on  serum-coated  dishes  were  treated  with  these  AS- 
ODNs  or  with  a  control  oligonucleotide  with  the  inverted  base  sequence.  Both  anti- 
sense  treatments  but  not  the  inverse  oligodeoxynucleotide  induced  the  appearance  of 
multilayered  cell  aggregates  and  suppressed  neurite  outgrowth  (72).  The  effect  ap¬ 
peared  earlier  with  increasing  doses  of  the  AS-ODNs,  indicating  dose  dependence. 
These  oligonucleotide-induced  phenotypic  changes  suggested  AChE  involvement  in 
neuronal  growth  and  differentiation  and  supported  the  development  of  AS -AChE 
oligomers  as  potential  drugs  to  replace  mechanism-based  AChE  inhibitors  for  AD 
therapy. 

The  methodology  involved  was  quite  straightforward.  Primary  mouse  neuronal 
cultures  were  prepared  from  embryonic  (E14)  mouse  (Balb/C)  whole  brains  (73). 
Brains  were  removed  and  cells  mechanically  dissociated  and  plated  in  serum-free 
medium  (2.5X10^  cells/ml)  in  24-well  (1  ml  per  well)  culture  dishes  coated  succes¬ 
sively  with  poly-L-omithine  and  culture  medium  containing  10%  fetal  calf  serum. 
Cultures  grown  for  24  hr  at  3TC,  5%  CO2  were  treated  with  synthetic  20-mer 
3 ’-terminally  phosphorothioated  oligonucleotides  (25)  complementary  to  either  the 
consensus  ACHE  exon  2,  common  to  all  of  the  alternative  forms  of  ACHEmRNA 
(AS-mE2)  or  the  alternative  3’  exon  5  (AS-mE5).  The  inverse  sequence  of  AS-mE2 
(inv-mE2)  was  used  as  a  control.  After  24  hr  growth,  cells  were  cytochemically  ex¬ 
amined  to  determine  the  remaining  levels  of  ChEs  under  each  treatment  as  correlated 
with  the  morphogenic  changes  caused  by  the  oligodeoxynucleotide  treatments.  Fig¬ 
ure  9.1  presents  the  positions  of  these  AS-ODNs  along  the  ACHE  gene. 

Alternative  AS-ODNs  with  Common  Effects 

Several  parameters  may  be  used  to  assess  the  effectiveness  of  AS-ODN  experiments 
and  deduce  which  was  the  mechanism(s)  through  which  they  exerted  their  effects. 
It  is  commonly  assumed  that  when  more  than  one  AS-ODN  agent  targeted  against 
a  certain  mRNA  species  cause  similar  biological  effects,  it  is  likely  that  it  occurred 
through  an  antisense  mechanism.  In  the  case  of  the  ACHE  gene,  we  had  the  option 
to  design  AS-ODNs  against  common  and  alternative  regions  in  the  ACHEmRNA 
transcripts.  Common  outcome  in  terms  of  biological  effect  would  imply  that  a  single 
function  was  suppressed  whereas  different  results  for  each  AS-ODN  could  distin¬ 
guish  between  the  yet  undefined  functions  of  these  alternative  transcripts. 

The  mouse  ACHE  gene  which  includes  6  exons  and  4  introns,  gives  rise  to  two 
alternative  mRNAs  in  mouse  primary  neuronal  cultures: 

a)  brain  and  muscle  ACHE  mRNA  which  includes  exons  1-4  and  6, 

b)  “readthrough”  ACHE  mRNA  which  includes  exons  1-4,  continued  by  pseudoin- 
tron  4,  which  in  certain  tissues  operates  as  an  exon  (70),  and  exon  5. 

AS-mE2  and  AS-mE5  were  designed  to  hybridize  with  specific  domains  in  exon  2 
and  exon  5,  respectively.  Therefore  AS-mE2  could  potentially  lead  to  destruction 
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of  both  ACHE  mRNAs,  whereas  AS-mE5  could  interact  with  only  the  readthrough 
mRNA  or  with  the  complete,  yet  unprocessed,  transcript.  Cells  grown  and  treated  for 
24  hr  with  0.5  |LiM  of  either  AS-mE2,  AS-mE5  or  inv-mE2,  were  first  stained  with 
May-Grunwald  and  Giemsa  stains,  following  with  visible  microscopy  was  performed 
with  a  Zeiss  inverted  microscope. 

Untreated  and  inv-mE2  treated  cells  formed  monolayers  of  single  neurons  with 
thin  extensions.  This  important  control  experiment  demonstrated  that  the  inverse 
sequence,  with  identical  base  composition  but  no  target,  was  not  cytotoxic.  Cells 
treated  with  either  AS-mE2  or  AS-mE5  were  re-organized  in  multicellular,  multi¬ 
layered  aggregates  connected  by  a  few  thick  processes.  Moreover,  the  initiation  time 
of  the  antisense  ACHE  morphogenic  effect  was  dose-dependent.  Thus,  cell  cultures 
treated  with  increasing  concentrations  (0.1 -5.0  pM)  of  AS-mE2  were  monitored  for 
5  days  and  the  day  on  which  aggregation  was  first  observed  was  noted.  At  the  highest 
concentration  of  oligonucleotide  (5.0  pM),  cytotoxicity  was  observed,  cells  detached 
from  the  dishes  and  died.  However,  cells  treated  with  0. 1-0.5  pM  AS-ODN  were 
morphologically  affected  but  remained  viable. 

The  mouse  ACHE  gene,  controled  by  the  promoter,  P,  includes  6  exons  (light 
cross-hatching)  and  4  introns  (dark  cross-hatching),  and  gives  rise  to  two  alterna¬ 
tive  mRNAs  in  mouse  primary  neuronal  cultures:  “brain  an  muscle”  ACHEmRNA 
includes  exons  1-4  and  6,  and  “readthrough”  ACHEmRNA  includes  exons  1-4,  pseu- 
dointron  4  (which  in  certain  tissues  operates  as  an  exon)  and  exon  5.  The  antisense 
oligonucleotides  AS-mE2  and  AS-mE5  were  designed  to  hybridize  with  specific  se¬ 
quences  in  exons  2  and  5,  respectively.  Therefore,  AS-mE2  can  potentially  lead  to 
destruction  of  unprocessed  mRNA  and  both  alternatively  spliced  mRNAs,  whereas 
AS-mE5  can  interact  only  with  unprocessed  mRNA  and  the  “readthrough”  form. 

The  viability  issue  is  of  major  concern  when  vulnerable  nerve  cells  are  to  be 
treated  with  a  potentially  cytotoxic  agent,  and  viability  tests  should  probably  be  in¬ 
cluded  in  any  preclinical  study  with  AS-ODNs.  In  our  particular  case,  the  viability 
of  neuronal  primary  cultures  which  displayed  the  cytomorphological  effect  following 
24  hr  growth  in  the  presence  of  0.5  pM  AS-mE2  was  assayed  using  a  viability/cyto¬ 
toxicity  kit.  To  this  end,  we  exploited  the  fact  that  enzymatic  conversion  by  ubiqui¬ 
tous  esterases  in  viable  cells  of  the  permeable,  non-fluorescent  dye  calcein  generates 
an  intensely  fluorescent  green  form  of  the  dye.  This  product  is  retained  within  viable 
cells,  producing  the  green  fluorescence  (with  emission  wavelength  of  about  530  nm). 
A  second  dye,  ethidium  homodimer,  was  used  to  identify  dead  cells,  since  it  pene¬ 
trates  only  damaged  membranes.  In  the  cell  it  binds  to  nucleic  acids,  producing  a 
bright  red  fluorescence  (>600  nm).  Fluorescence  microscopy  was  performed  with  a 
Zeiss  Axioplan  microscope  equipped  with  X40  Achroplan  lens,  suitable  for  photog- 
raphying  viable  cells  under  medium,  a  HClOO  camera  and  a  FITC/Texas  red  485/578 
double  excitation  filter,  at  magnification  X400.  This  test  proved  that  the  aggregated 
cells  in  AS-mE2  treated  cultures  remained  viable. 

To  demonstrate  that  the  antisense  treatement  reduces  ChE  activities  in  these  pri¬ 
mary  neuronal  cultures,  neuronal  cell  cultures  were  treated  for  24  hr  with  no  oligonu- 
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Fig.  9.1 :  Target  sites  for  antisense  oloigonucleotide  interactions  with  ACHEmRNA. 


cleotide,  or  with  0.5  |iM  of  the  noted  oligomers  (AS-mE2  or  Inv-mE2).  Cells  were 
then  stained  for  AChE  activity  overnight  at  4°C  with  no  prior  fixation  (59).  Stained 
cells  in  20  different  microscope  fields  for  each  preparation  (magnification  XI 000), 
were  classified  by  the  intensity  of  staining.  Each  field  contained  aproximately  250 
neurons.  Stained  neurons  (approxinmately  0.5-5%  of  total)  included: 

(1)  light  brown-stained  cells 

(2)  more  intensely  stained  cells,  particularly  around  the  cell  body 

(3)  very  intensely,  dark  brown  stained  cells,  with  stain  reaching  into  neuronal  exten¬ 
sions. 

Within  all  classes,  staining  was  considerably  lower  in  AS-mE2  treated  cells  but  not 
in  those  treated  with  Inv-mE2,  suggesting  an  antisense  mechanism  (72). 
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The  antisense  suppression  of  AChE  activity  was  further  visualized  by  electron 
microscopy.  For  this  purpose,  neuronal  cell  cultures  were  treated  for  24  hr  with  no 
oligonucleotide,  or  with  0.5  |iM  of  the  noted  oligomers  (AS-mE2  or  Inv-mE2).  Cells 
were  then  fixed  for  30  min  in  4%  paraformaldehyde,  lightly  stained  for  AChE  activ¬ 
ity  for  4  hr  at  room  temperature  and  analyzed  by  transmission  electron  microscopy  as 
detailed  elsewhere  (58).  Crystals  formed  by  non-enzymatic  reaction  initiated  by  the 
thiocholine  product  of  AChE  action  on  acetylthiocholine  appeared  in  control  neu¬ 
rons,  but  not  in  neurons  treated  with  AS-mE2.  This  analysis  thus  demonstrated  the 
efficacy  of  the  employed  AS-ODNs  as  well  as  their  selectivity.  A  word  of  caution 
is  in  order.  We  do  not  understand  the  mechanism  that  connects  AChE  inhibition  to 
prevention  of  neurite  outgrowth.  Antisense  suppression  of  the  metabolically  unre¬ 
lated  enzyme  5 ’-nucleotidase  also  prevents  neurite  outgrowth  (74).  Both  AChE  and 
5 ’-nucleotidase  are  ectopic  enzymes  in  these  cells,  and  the  common  effect  may  be  to 
change,  in  an  unknown  manner,  the  surfaces  of  the  cells.  Therefore,  the  morphogenic 
changes  observed  in  primary  neurons  with  suppressed  AChE  activity  suggested  that 
suppressing  this  enzyme’s  activity  may  exert  morphogenic  changes  also  in  other  tis¬ 
sues  in  which  AChE  is  produced,  for  example  in  hematopoietic  cells.  To  search  for 
the  potential  side  effects  of  oligonucleotides  for  suppression  of  AChE  production 
in  such  sites,  we  employed  the  antisense  approach  also  to  hematopoietic  cells  and 
tissues. 


9.10  In  vitro  and  in  vivo  Tests  for  Potential  Side 
Effects 

In  addition  to  brain  neurons  and  muscle  cells,  bone  marrow  cells  (red  blood  cells, 
lymphocytes,  platelet  progenitors)  from  all  known  vertebrates  express  ChEs,  This 
raises  the  concern  for  side  effects  of  the  proposed  antisense  therapy  due  to  AChE 
inhibition  in  hematopoietic  cells.  Indeed,  injection  of  mice  with  carbamate  ChE  in¬ 
hibitors,  alters  proliferation  of  megakaryocytes  (platelet  progenitors)  in  rodents  (re¬ 
viewed  by  62).  In  addition,  farmers  using  organophosphorous  anti-ChEs  as  insecti¬ 
cides  are  at  an  increased  risk  of  development  of  leukemia  (75).  We  therefore  inves¬ 
tigated  the  therapeutic  safety  margins  of  AS-ODNs  targeted  to  the  ACHE  gene  or  to 
the  closely  related  BCHE  gene.  In  previous  studies,  we  found  that  25%  of  leukemic 
patients  carry  cholinesterase  genes  with  abnormal  copy  numbers  and  structures  (76, 
77).  Altogether,  this  implied  that  interference  with  the  expression  of  blood  cell  AChE 
and/or  BuChE  is  associated  with  enhanced  bone  marrow  proliferation.  BuChE  is 
quantitatively  more  important  in  the  blood  (75%  of  total  blood  ChEs).  Therefore,  we 
considered  that  the  bone  marrow  damage  caused  by  chemical  anti-ChEs  could  have 
occurred  due  to  AChE  and/or  BuChE  inhibition.  To  identify  the  highest  concentra¬ 
tion  of  oligonucleotides  which  will  be  therapeutically  safe,  we  have  further  studied 
the  expression  of  BuChE  in  the  bone  marrow  of  patients  with  somatically  mutated, 
aberrantly  expressed  and  amplified  ACHE  and  BCHE  genes.  This  phenomenon  is 
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associated  with  very  low  platelet  counts  and  abnormal  development  of  megakary¬ 
ocytes  (76),  the  platelet  progenitors  from  which  platelets  are  formed.  We  therefore 
attempted  to  mimic  interference  with  BCHE  gene  expression,  using  phosphoroth- 
ioated  AS-ODNs. 

Non  Sequence-Dependent  Interactions 

When  5  |xM  of  a  fullly  phosphorothioated  antisense  agent  intended  to  block  BCHE 
gene  expression  (AS-BCHE)  was  added  to  murine  bone  marrow  cells  grown  in  cul¬ 
ture  in  the  presence  of  the  cytokine  interleukin  3  (IL-3),  megakaryocyte  progenitor 
development  was  severely  inhibited  (78).  When  incubated  with  bone  marrow  cells, 
radioactively  labeled  phosphorthioated  oligonucleotides  bound  to  yet  unidentified 
nuclear  protein(s)  in  small,  dividing  cells.  Incubation  of  bone  marrow  cellular  pro¬ 
teins  with  these  agents  also  resulted  in  protein  labeling  (25).  However,  this  proved 
to  be  unrelated  to  the  nucleotide  sequence  of  the  employed  oligonucleotides  -  a 
non-specific  interaction  which  could  explain  part  of  the  interference  with  ex  vivo 
bone  marrow  proliferation  that  was  previously  observed  for  AS-BCHE  in  its  totally 
phosphorothioated  form  (25).  Recent  findings  (79)  strengthen  this  assumption  and 
attribute  part  of  the  megakaryocytopoietic  suppression  observed  with  our  AS-ODNs 
as  well  as  with  oligomers  targeted  to  other  genes  and  to  AS-ODN-protein  interac¬ 
tions. 

Suppression  of  platelet  production  may  lead  to  severe  thrombocytopenia,  a  dan¬ 
gerous  toxicological  outcome  of  several  other  AS-ODNs.  For  example,  this  is  the 
main  danger  involved  in  rel  A  antisense  therapy,  aimed  at  suppression  of  produc¬ 
tion  of  the  P65  subunit  of  the  NFkB  transcription  factor  in  tumor  cells  (24).  This 
phenomenon  could  have  resulted  from  the  antisense  effect  itself  (because  developing 
promegakaryocytes  depends  on  NFkB  for  their  maturation).  Alternatively,  or  addi¬ 
tionally,  it  could  reflect  binding  to  and  inhibition  of  essential  nuclear  proteins  in 
promegakaryocytes,  a  confirmed  property  of  phosphorothioate  ODNs.  To  prevent,  or 
at  least  minimize  this  protein  interaction  and  its  consequent  cytotoxicity,  the  follow¬ 
ing  observations  were  taken  into  consideration  when  designing  anti-BCHE  ODNs: 

(1)  Phosphorothioate  protection  is  important  for  RNaseH  induction  and  oligonu¬ 
cleotide  stabilization. 

(2)  This  protection  may  also  be  cytotoxic  and  induce  part  or  all  of  the  observed 
interference  with  cell  development. 

(3)  Since  RNA  destruction  is  primarily  initiated  at  the  3 ’-end,  it  can  be  blocked 
effectively  by  interfering  with  this  activity  at  that  end  alone. 

(4)  Blocking  only  three  3 ’-terminal  phosphorothioates  is  sufficient  to  protect  the 
AS-ODN.  This  partially  protected  oligomer  should  be  less  toxic  than,  yet  equally 
effective  as  the  fully-blocked  oligomer. 

Based  on  these  arguments,  phosphorothioate  protection  of  AS-BCHE  was  limited 
to  the  three  3’-terminal  intemucleotidic  bonds.  When  administered  in  similar  doses, 
thus  partially  protected  AS-ODN  reduced  production  of  platetlet  progenitors  as  ef- 
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ficiently  as  their  fully  protected  counterparts  (25).  However,  when  incubated  with 
bone  marrow  proteins,  they  displayed  no  binding.  Also,  their  addition  to  cultures 
apparently  did  not  interfere  with  the  functioning  of  genes  other  than  those  targeted, 
and  no  non-specific  reduction  in  cell  proliferation  could  be  observed  when  irrelevant 
oligomers  were  tested.  Altogether,  this  technological  improvement  demonstrated  that 
antisense  inhibition  of  BCHE  mRNA  (80)  would  indeed  cause  hematopoietic  side 
effects,  if  used  at  5  pM  concentrations.  To  test  the  validity  of  this  assumption,  we 
moved  on  to  combine  cell  culture  studies  with  in  vivo  studies. 


9.1 1  Comparative  Studies  with  AS-ODNs  for 
Genes  with  Closely  Related  Functions 

When  mice  were  injected  with  sufficient  AS-ODNs  to  achieve  a  concentration  of  5 
of  the  oligomer  in  body  fluids  blocking  BCHE  gene  expression  (AS-BCHE), 
their  platelet  progenitors  revealed  reduced  levels  of  BCHEmRNA  (as  tested  by  in 
situ  hybridization).  This  indicated  that  specific  RNA  destruction  occurred.  At  the 
same  time,  an  unrelated  gene  (i.e.  P-actin)  remained  fully  expressed,  as  tested  by  re¬ 
verse  transcription  followed  by  PCR  amplification  (RT-PCR),  reflecting  low  toxicity 
of  these  antisense  agents.  When  bone  marrow  cells  from  the  injected  mice  were  cul¬ 
tured,  megakaryocyte  colony  development  was  severely  inhibited  (40%  reduction). 
In  vitro  megakaryocytopoietic  cultures  incubated  with  AS-BCHE  further  displayed 
a  sharp  shift  in  differentiation,  from  predominantly  megakaryocyte  to  myeloid  lin¬ 
eages  (81).  Thus  suppression  of  BuChE  production  can  cause  thrombocytopenia  and 
increase  myeloid  cell  counts,  two  hematopoietic  effects  which  indeed  were  reported 
in  Alzheimer’s  disease  patients  under  tacrine  treatment  (82). 

The  AS-BCHE  studies  may  be  regarded  as  a  necessary  precaution,  aimed  at  ex¬ 
plaining  hematopoietic  complications  in  patients  treated  with  chemical  anti-ChEs 
of  relatively  limited  selectivity.  However,  the  drug(s)  we  aim  to  develop  is(are) 
AS-ACHE.  Therefore,  our  goal  was  to  test  ACHE  AS-ODNs  for  their  effects  on 
hematopoietic  development.  Intraperitoneal  injection  of  AS-ACHE  to  block  expres¬ 
sion  of  AChE  resulted  in  much  more  dramatic  changes  than  those  observed  with 
AS-BCHE.  A  single  injection  of  5  |Lig/g  body  weight  yielding  5  |iM  AS-ODN  in 
body  fluids,  caused  drastic  reductions  in  the  fractions  of  bone  marrow  erythrocytes 
and  lymphocytes  at  12  days  post-treatment,  as  well  as  reciprocal  increases  in  myeloid 
cells,  changes  which  were  almost  totally  reversed  by  day  20  (61).  The  possibility  of 
transcriptional  feedback  could  not  be  excluded.  Moreover,  since  in  vivo  it  is  virtu¬ 
ally  impossible  to  determine  absolute  numbers  of  bone  marrow  cells,  we  could  not 
conclude  whether  erythroid  development  had  been  inhibited,  if  myeloid  cell  prolifer¬ 
ation  had  been  enhanced,  or  both.  To  answer  these  questions,  we  administered  such 
AS-ACHE  oligocnucleotides  ex  vivo,  in  primary  cultures  of  murine  bone  marrow 
cells. 
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Bone  marrow  cell  cultures  have  several  advantages  over  in  vivo  analytical  studies 
of  antisense  effects. 

(1)  They  reveal  the  absolute  number  of  proliferating  stem  cells  present  at  plating 
time,  each  of  which  develops  into  a  colony,  whereas  the  other  terminally  differ¬ 
entiated  cells  die  in  culture  (essentially,  as  they  would  in  vivo  as  well).  There¬ 
fore,  they  yield  important  information  on  the  effect  of  the  tested  AS-ODNs  on 
hematopoiesis  in  general. 

(2)  They  are  subject  to  convenient  modulation  by  cytokines.  In  the  presence  of 
interleukin-3  IL-3,  both  platelet  progenitors  and  myeloid  cells  will  develop,  but 
with  added  erythropoietin,  erythroid  cells  will  develop  as  well.  This  enables  dif¬ 
ferential  cell  counts  and  examination  of  the  dependence  of  cell  composition  on 
AS-ODN  effects  and  growth  factors. 

(3)  Apart  from  their  importance  for  evaluation  of  the  safety  of  AD  drugs,  the  ex  vivo 
cultures  are  a  clinically  important  model  system  for  progenitor  cells  produced 
for  transplantation.  This  increasingly  popular  procedure  is  currently  used  for 
treatment  of  cancer  patients  following  drastic  chemotherapy  or  irradiation. 

When  added  to  erythropoietic  cell  cultures,  15  |xM  AS- ACHE  caused  a  dose- 
dependent  increase  in  colony  and  cell  counts  and  increased  the  fraction  of  myeloid 
cells  at  the  expense  of  erythroid  cells  and  megakaryocytes  (60).  This  implies  that 
thrombocytopenia  and  increased  myeloid  cell  counts  can  occur  under  AS-ACHE 
treatment  as  well,  especially  at  high  concentrations.  With  IL-3  alone,  AS-ACHE  de¬ 
creased  colony  counts  but  not  cell  numbers,  and  diverted  up  to  50%  of  the  cells  into 
erythroblasts  (which  could  not  develop  further  for  the  lack  of  erythropoietin).  Addi¬ 
tional  tests  revealed  transient  early  reduction  in  ACHEmRNA,  followed  by  10-fold 
increase  by  day  4  post-treatment.  This  could  reflect  an  antisense  mechanism  which 
elicits  a  feedback  response  replacing  the  missing  ACHEmRNA  molecules  and  more, 
and  calls  for  prolonged  exposure  to  AS-ODNs  in  any  therapeutic  regimen. 

A  general  change  in  the  pattern  of  mRNA  transcripts  demonstrated  by  using  the 
approach  of  Differential  PCR  display  (60)  supported  the  possibility  of  a  feedback 
response.  A  10-fold  increase  in  DNA  yield  and  prevention  of  the  DNA  fragmenta¬ 
tion  (83)  which  appeared  in  non-treated  cultures  confirmed  the  increased  cell  counts, 
and  the  generally  healthier  appearance  of  cells  under  AS-ACHE  treatement  (fewer 
vacuoles,  larger  nuclei,  smoother  cell  surface)  strengthened  this  assumption.  As  men¬ 
tioned  above,  AS-BCHE  did  not  cause  such  changes,  it  only  reduced  the  number  of 
megakaryocytes  at  the  expense  of  meyloid  cells  (80).  Comparison  of  the  effects  of 
AS-ACHE  to  those  of  AS-BCHE  in  erythropoietic  cultures  thus  revealed  the  wider 
scope  and  dominant  nature  of  AS-ACHE  over  erythroid  and  megakaryocyte  devel¬ 
opment.  However,  since  all  of  these  effects  occurred  only  at  AS-ODN  concentrations 
higher  than  5  |liM,  the  hematopoietic  studies  also  confirmed  that  AS-ACHE  should 
be  therapeutically  safe  at  the  concentrations  effective  in  neurons  (0.1 -0.5  |J.M).  While 
this  leaves  open  the  question  of  body  fluids  concentration  required  to  reach  the  de¬ 
sired  levels  of  AS-ODNs  in  the  brain,  the  safety  margin  does  seem  reassuring. 
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9.12  Discussion 

We  have  presented  the  design  and  application  of  antisense  techniques  for  the  treat¬ 
ment  of  Alzheimer’s  disease,  which  illustrates  many  of  the  advantages  inherent  in 
this  approach.  We  have  also  been  at  pains  to  elaborate  on  complications  we  encoun¬ 
tered  because  they  may  be  generally  instructive.  To  sum  up  the  principle  concepts 
we  tried  to  present,  several  major  questions  are  raised  when  an  antisense  drug  is  to 
be  considered  for  therapeutic  use: 

(1)  Can  it  produce  the  desired  biological  effect? 

(2)  Can  it  reduce  the  level  of  the  corresponding  protein  product  for  prolonged  peri¬ 
ods? 

(3)  Does  it  suppress  the  level  of  targeted  mRNA? 

(4)  Does  this  effect  appear  both  in  cultured  cells  and  in  vivo7 

(5)  Is  the  tissue  specificity  of  the  relevant  AS-ODN  sufficient  to  exclude  dangerous 
side  effects? 

We  have  addressed  these  questions  by  covering  recent  publications  in  the  field  of 
molecular  brain  research  and  by  describing  our  own  research  using  antisense  drugs 
for  the  cholinesterase  genes.  Yet  more  specifically,  we  designed  two  AS-ODNs 
targeted  to  the  ACHE  gene.  AS-ACHE  ODNs  suppressed  neurite  extension  from 
cultured  primary  neurons  in  a  dose-dependent  manner,  suggesting  that  they  might 
attenuate  AD  plaque  development;  they  suppressed  the  level  of  the  AChE  pro¬ 
tein,  although  mRNA  studies  suggested  feedback  responses  that  modulate  ACHEm- 
RNA  levels;  and  their  functions(s)  in  vivo  resembled  their  effects  in  cultured  cells. 
Also,  the  sensitivity  of  neurons  to  AS-ACHE  ODNs  exceeded  by  50-fold  that  of 
hematopoietic  cells,  providing  a  potentially  safe  therapeutic  window.  While  many 
questions  remain  to  be  solved  before  AS-ACHE  ODNs  reach  clinical  trials,  their  use 
seems  promising. 

To  test  for  potential  side  effects  of  the  proposed  drugs,  we  employed  hematopoi¬ 
etic  cell  cultures.  Our  findings  in  these  cultures,  and  in  subsequent  in  vivo  exper¬ 
iments  confirm  the  suggestion  of  others  of  a  regulatory  role  of  the  ChEs  in  bone 
marrow  development.  The  accumulated  evidence  suggests  that  AS-ACHE  appar¬ 
ently  blocks  the  production  of  the  multi-potential  progenitors  of  both  erythroid  and 
megakaryocyte  cells.  Under  such  conditions,  cultured  bone  marrow  cells  can  only 
proliferate  or  develop  into  myeloid  cells,  which  indeed  they  do.  This  explains  com¬ 
plications  associated  with  the  use  of  conventional  anti-AChE  drugs  and  emphasizes 
the  advantages  of  AS-ACHE  ODNs  as  substitutes. 

The  hypothesis  that  emerges  from  the  above  experiments  is  that  ChEs  possi¬ 
bly  participate  in  directing  proliferating  stem  cells  toward  a  differentiated  state  that 
eventually  will  terminate  in  programmed  death.  When  their  expression  is  blocked, 
hematopoietic  proliferation  may  be  perturbed.  The  range  of  AS-ODNs  found  useful 
in  primary  neurons  from  mice  (0.1  to  0.5  pM)  will  be  a  starting  point  for  their  eval- 
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uation  in  primate  pre-clinical  trials,  to  test  for  efficacy  while  avoiding  hematopoetic 
side  effects.  In  addition,  important  implications  arise  for  bone  marrow  transplanta¬ 
tions,  since  this  ex  vivo  procedure  includes  a  phase  of  cell  culture  very  much  like  the 
in  vitro  culture  technique  detailed  above.  It  would  be  extremely  helpful  to  amplify  the 
number  of  proliferating  stem  cells  prior  to  their  reintroduction  into  the  patient  -  thus 
shortening  considerably  the  hospitalization  time  and  improving  the  patient’s  condi¬ 
tion  while  reducing  the  volume  of  cells  to  be  injected.  The  complication  involved 
in  the  use  of  AS-ACHE  for  neurochemical  purposes  may  thus  become  a  benefit  for 
bone  marrow  uses. 

If  reproduced  in  humans,  our  procedure  further  offers  the  opportunity  to  improve 
the  proliferative  state  of  bone  marrow  in  patients  following  chemotherapy  or  irra¬ 
diation  for  any  pathology,  not  only  hematopoietic  in  nature.  In  addition,  this  same 
fact  explains  certain  hematopoietic  side  effects  reported  in  AD  patients  under  anti- 
ChE  therapy.  Special  care  should  therefore  be  taken  to  reduce  the  concentration  of 
AS-ACHE  drugs  to  minimum,  to  avoid  such  dangerous  side  effects. 

A  general  concern  as  regards  to  the  use  of  AS-ODNs  in  brain  refers  to  the  im¬ 
permeability  of  the  BBB,  potentially  posing  a  delivery  problem.  However,  the  blood 
brain  barrier  is  known  to  be  disrupted  in  AD  patients  (84);  the  delivery  of  AS-ACHE 
can  thus  be  effected  with  simple  i.v.  injections.  The  main  remaining  difficulty,  one 
which  pertains  to  all  other  AS-ODN  protocols,  is  that  of  the  feedback  response  to  be 
expected  and  its  possible  long-term  effects. 

In  addition  to  the  value  of  this  therapeutic  approach,  the  studies  discussed  bear 
intriguing  basic  research  implications.  ChEs  are  known  to  be  expressed  during  em¬ 
bryonic  development  of  many  other  cell  types  that  undergo  terminal  differentiation 
(i.e.,  muscle  and  bone  cells).  It  would  be  fascinating  to  discover  whether  in  those 
tissues  as  well,  these  interesting  enzymes  are  involved  in  controlling  the  shift  from 
proliferation  to  differentiation.  Thus,  we  may  expect  further  basic  science  spin-offs 
as  antisense  technology  is  developed  for  clinical  use. 

Measured  in  terms  of  publications  and  emergence  of  biotechnology-based  new 
enterprises,  the  interest  and  activity  in  antisense  phosphorothioate  drugs  has  grown 
rapidly  during  the  past  5  years,  and  has  directed  much  attention  to  synthesis  of 
oligonucleotide  analogs  (79,  2).  Important,  but  as  yet  unresolved  issues  in  antisense 
technology  deal  with  elucidating  the  mechanisms  of  antisense-agent  uptake  by  cells. 
In  addition,  refining  and  understanding  of  antisense-agent  pharmacokinetics  and  cel¬ 
lular  distribution  are  required.  For  each  drug  to  be  developed,  toxicology  and  efficacy 
must  be  evaluated.  In  addition,  the  mechanism  of  action  of  such  drugs  is  of  primary 
importance,  as  recent  evidence  indicates  that  many  of  the  biomedically-active  AS- 
ODNs  operate  through  protein  binding  and  not  necessarily  by  the  antisense  mecha¬ 
nism  (27).  These  and  many  other  parameters  will  determine  the  future  of  antisense- 
based  chemotherapies.  However,  the  status  of  this  technology  as  an  innovation  of 
pharmacotherapeutics  has  already  been  gained. 
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Abstract 

Here,  we  report  that  the  catalytic  subunit  of  cAMP-dependent  protein  kinase  (PKA)  but  not  casein  kinase  II  or  protein  kinase  C 
phosphorylates  recombinant  human  acetylcholinesterase  (AChE)  in  vitro.  This  enhances  acetylthiocholine  hydrolysis  up  to  10-fold  as 
compared  to  untreated  AChE,  while  leaving  unaffected  the  enzyme’s  affinity  for  this  substrate  and  for  various  active  and  peripheral  site 
inhibitors.  Alkaline  phosphatase  treatment  enhanced  the  electrophoretic  migration,  under  denaturing  conditions,  of  part  of  the  AChE 
proteins  isolated  from  various  mammalian  sources  and  raised  the  isoelectric  point  of  some  of  the  treated  AChE  molecules,  indicating  that 
part  of  the  AChE  molecules  are  also  phosphorylated  in  vivo.  Enhancement  of  acetylthiocholine  hydrolysis  also  occurred  with  Torpedo 
AChE,  which  has  no  consensus  motif  for  PKA  phosphorylation.  Further,  mutating  the  single  PKA  site  in  human  AChE  (threonine-249) 
did  not  prevent  this  enhancement,  suggesting  that  in  both  cases  it  was  due  to  phosphorylation  at  non-consensus  sites.  In  vivo  suppression 
of  the  acetylcholine  hydrolyzing  activity  of  AChE  and  consequent  impairment  in  cholinergic  neurotransmission  occur  under  exposure  to 
both  natural  and  pharmacological  compounds,  including  organophosphate  and  carbamate  insecticides  and  chemical  warfare  agents. 
Phosphorylation  of  AChE  may  possibly  offer  a  rapid  feedback  mechanism  that  can  compensate  for  impairments  in  cholinergic 
neurotransmission,  modulating  the  hydrolytic  activity  of  this  enzyme  and  enabling  acetylcholine  hydrolysis  to  proceed  under  such 
challenges.  ©  1997  Elsevier  Science  B.V. 

Keywords:  Acetylcholinesterase;  Neurotransmission;  cAMP-dependent  protein  kinase  A;  Non-consensus  phosphorylation  site;  Protein  phosphorylation 


1.  Introduction 

^  Acetylcholinesterase  (acetylcholine  acetyl  hydrolase,  EC 
3. 1.1.7;  AChE)  is  a  key  component  of  cholinergic  brain 
synapses  and  neuromuscular  junctions,  in  which  it  hydro- 

’  lyzes  the  neurotransmitter  acetylcholine  [44,46].  In  addi¬ 
tion  to  terminating  cholinergic  neurotransmission,  it  may 
have  non-catalytic  function(s)  in  cellular  development 
[3,8,18,22,41].  This  may  explain  its  presence  on  the  sur¬ 
face  of  erythrocytes  and  in  embryonic  tissues  [25].  The 
central  role  of  AChE  in  cholinergic  neurotransmission  is 
demonstrated  by  the  fact  that  it  is  the  target  of  a  variety  of 
toxic  compounds,  both  natural  and  man-made.  For  exam¬ 
ple,  several  natural  compounds  inhibit  the  catalytic  activity 
of  cholinesterases  including  glycoalkaloids,  which  are 
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found  in  solanaceous  food  plants  such  as  potatoes  [31],  the 
snake  venom  protein  inhibitor  fasciculin  [5,10]  and 
cyanobacterial  toxins  [14].  Chemical  warfare  agents  (e.g. 
sarin  and  tabun)  and  organophosphate  insecticides  (e.g. 
malathion)  also  are  designed  to  inhibit  AChE  [46].  In 
addition,  AChE  is  a  target  of  several  pharmacological 
agents  that  are  designed  to  enhance  cholinergic  neurotrans¬ 
mission  in  the  treatment  of  disorders  associated  with 
cholinergic  imbalance,  such  as  Alzheimer’s  disease  and 
myasthenia  gravis  [24,37].  The  widespread  presence  of 
both  natural  and  man-made  anti-AChE  compounds  [27] 
raises  the  question  if  natural  mechanisms  exist  that  enable 
this  enzyme  to  function  under  diverse  conditions. 

The  crucial  role  of  AChE  in  cholinergic  neurotransmis¬ 
sion  implies  that  to  be  physiologically  relevant,  adjust¬ 
ments  in  its  activity  in  response  to  fluctuating  physio¬ 
logical  conditions  should  occur  within  a  very  short  time 
scale.  This  excludes  regulation  at  the  levels  of  gene  ex¬ 
pression,  multimeric  assembly  and  intracellular  targeting. 
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none  of  which  offers  a  sufficiently  rapid  response.  AChE 
is  present  in  various  glycosylated  forms  [26],  but  the 
carbohydrate  moiety  does  not  contribute  to  catalytic  activ¬ 
ity  [7,49].  Allosteric  modulation  and  substrate  inhibition  of 
AChE  have  also  been  reported  [1,6],  but  no  physiologically 
significant  scheme  for  controlling  AChE  activity  has  been 
demonstrated.  As  phosphorylation  is  the  most  frequently 
seen  post-translational  mechanism  of  control  of  physio¬ 
logical  processes,  and  since  the  human  AChE  amino-acid 
sequence  [44]  reveals  several  consensus  phosphorylation 
sites,  we  have  investigated  phosphorylation  as  a  mecha¬ 
nism  of  control  of  AChE  activity. 

2.  Materials  and  methods 

2.1.  Computer  analyses 

The  MOTIF  program  (version  8,  Genetics  Computer 
Group,  University  of  Wisconsin,  Madison,  WI)  was  used 
to  identify  consensus  phosphorylation  motifs.  The  amino- 
acid  sequence  numbers  of  human  and  Torpedo  AChE 
sequences  correspond  to  the  m55040  and  x05497  GenBank 
Accession  Numbers,  respectively.  The  three-dimensional 
structure  of  AChE  [45]  was  plotted  using  the  Insight  II 
program  (Biosym  Technologies)  on  a  Silicon  Graphics 
computer  (Indigo  R4000).  Surface  residues  were  identified 
according  to  the  proportion  of  exposed  surface  as  com¬ 
pared  to  the  relative  exposure  level  of  the  same  residue  in 
Gly-X-Gly  peptides  [28]. 

2.2.  Materials 

Purified  recombinant  human  AChE  preparations  were 
gifts  of  Drs.  A.  Shafferman,  Ness  Ziona  (293  cells  prepara¬ 
tions)  and  A.  Fischer,  Ness  Ziona  {E.  coli  preparations). 
AChE,  purified  from  human  erythrocytes  and  brain  and 
from  bovine  erythrocytes  as  well  as  monoclonal  antibodies 
to  human  AChE  [39]  were  gifts  from  U.  Brodbeck  (Bern, 
Switzerland).  HI  histone  was  a  Boehringer  (Mannheim, 
Germany)  product.  Echothiophate,  pyridostigmine  bromide 
and  fasciculin  were  products  of  Ayerst  Laboratories 
(Montreal,  Canada),  Research  Biochemicals  International 
(Natick,  MA)  and  Alomone  (Jerusalem,  Israel),  respec¬ 
tively.  All  other  reagents  were  purchased  from  Sigma  (St. 
Louis,  MO).  All  anti-cholinesterases  were  dissolved  in 
double-distilled  water  and  kept  at  —  20°C  as  100-fold 
concentrated  stock  solutions  or  were  added  directly  to 
reaction  mixtures. 

2.3.  Cell  lines  and  transfections 

COS-1  monkey  kidney  cells  (a  gift  of  Y.  Gruenbaum, 
Jerusalem)  were  grown  in  Dulbecco’s  modified  Eagle’s 
medium  (DMEM)  containing  10%  fetal  calf  serum  (FCS) 
at  37°C,  5%  CO2,  in  a  humidified  chamber.  COS-1  cells 


were  transfected  using  Lipofectamine  (Gibco-BRL, 
Bethesda,  MD)  according  to  the  manufacturer’s  instruc¬ 
tions  and  were  incubated  in  DMEM  containing  2%  FCS 
for  3  days,  at  which  stage  medium  was  collected  for  AChE 
enzymatic  analyses  [43]. 

2.4.  In  vitro  phosphorylation  /  dephosphorylation 

Proteins  were  phosphorylated  by  30  min  incubation  at 
30°C  in  18  mM  Mg  acetate,  25  mM  MES,  pH  6.8,  50  mM 
EDTA,  0.2  mM  ATP  (Boehringer),  1  pC\  [7-^^P]ATP 
(1000-3000  Ci/mmol,  Amersham  Life  Sciences,  Ayles¬ 
bury,  UK)  and  25  casein  units  of  cAMP-dependent  protein 
kinase  catalytic  subunit  (Promega,  Madison,  WI)  in  a  final 
volume  of  50  p\.  For  the  enzymatic  analysis  of  phosphory¬ 
lated  AChE,  100  casein  units  were  used.  To  inhibit  phos¬ 
phorylation,  20  fig  of  cAMP-dependent  protein  kinase 
peptide  inhibitor  (Promega)  were  added  to  the  phosphory¬ 
lation  reaction  mixture.  For  dephosphorylation,  AChEs 
were  incubated  for  60  min  at  37°C  in  50  mM  Tris-HCl,  pH 

8.5.  0.1  mM  EDTA  with  20  U  calf  intestine  alkaline 
phosphatase  (Boehringer)  in  a  final  volume  of  20  fi\. 
A-Phosphatase  (New  England  Biolabs,  Beverly,  MA)  and 
protein  phosphatase  1  (Boehringer)  were  also  used  accord¬ 
ing  to  manufacturers’  instructions. 

2.5.  Gel  electrophoresis 

SDS-PAGE  was  performed  according  to  Laemmli  [21] 
using  8%  polyacrylamide  gels.  For  immunochemical  detec¬ 
tion,  proteins  from  SDS  gels  were  electroblotted  onto 
nitrocellulose  membranes  (Schleicher  and  Schuell,  Dassel, 
Germany)  in  a  semi-dry-blot  system  as  described  [11]. 
After  transfer,  membranes  were  washed  in  20  mM  Na 
phosphate,  pH  7.4,  144  mM  NaCl,  0.1%  (v/v)  Tween-20, 
at  room  temp,  for  1  h,  blocked  in  5%  (w/v)  dried  skim 
milk,  then  rinsed  and  incubated  with  anti-human  AChE 
monoclonal  antibodies  132-2  and  132-3  at  6  fig/vci\  each 
for  1  h.  After  3  washes,  as  above,  membranes  were 
incubated  for  1  h  with  a  1 : 4000  dilution  of  a  sheep 
anti-mouse  Ig,  horseradish  peroxidase  linked  F(ab2)  frag¬ 
ment  (Amersham).  Chemiluminescent  detection  was  per¬ 
formed  with  Amersham’ s  ECL  kit  as  instructed. 

Proteins  were  separated  according  to  their  isoelectric 
points  on  native  polyacrylamide-ampholyte  gels,  pH  4-6, 
as  described  [4].  Gels  were  pre-focused  for  30  min  at  100 
mV  and  then  run  for  an  additional  2.5  h  at  100  mV.  After 
separation,  gels  were  stained  overnight  for  cholinesterase 
activity  as  detailed  [18]  using  0.5  mM  acetylthiocholine 
(ATCh). 

Colorimetric  determination  of  cholinesterase  activities 
was  performed  as  described  elsewhere,  using  1  mM  ATCh 
[31].  For  determination,  ATCh  in  the  range  of  0.01-10 
mM  was  used.  Effects  of  inhibitors  were  determined  over  a 
concentration  range  of  at  least  5  orders  of  magnitude. 
Pre-incubations  of  the  inhibitor  with  the  enzyme  for  20 
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min  preceded  the  addition  of  substrate  and  activity  mea¬ 
surements.  values  for  reversible  inhibitors  were  calcu¬ 
lated  from  experimental  IC50  values  according  to  the 
equation  J^i  =  IC5o/(l  +S/K^),  were  S  was  the  ATCh 
concentration,  1  mM. 


2,6,  PCR  mutagenesis 

T249A  E6-ACHEDNA  was  produced  from  the  CMV-E6 
plasmid  [18]  by  PCR  mutagenesis  as  described  [12],  using 
the  following  primers:  hACHEmut987  (  +  ):  5'-CAGG- 
GCCGCGCAGCTGGCCCAC-3';  hACHEmut  1008  (-): 
5'-GTGGGCCAGCTGCGCGGCCCTG-3';  hACHE  823 
(  + ):  5'-GGTGACCCGACATC  AGTGACGCTGTT-3' ; 
hACHE1855  (-):  5'-GGAAGCGGTTCCAGAAGGCG- 
CAGGC-3',  where  the  underlined  base  denotes  the  muta¬ 
tion,  the  primer  numbering  corresponds  to  the  human 
ACHE  sequence  and  (  +  )  or  (-)  is  the  upstream  or 
downstream  orientation,  respectively.  The  PCR  program 
was  1  min  at  94°C  (first  cycle  for  15  min),  1  min  at  68°C 
and  1  min  at  72"’C  (last  cycle  for  5  min).  The  amplified 
end  product  was  restricted  with  Notl  and  Sphl  (New 
England  Biolabs)  and  exchanged  with  the  corresponding 
wild-type  fragment.  The  accuracy  of  the  T249A  substitu¬ 
tion  was  verified  by  automated  sequencing  (Applied 
Biosystems  377). 


3.  Results 

3.1.  AChE  carries  consensus  phosphorylation  sites 

The  human  AChE  amino-acid  sequence  was  searched 
for  consensus  phosphorylation  sites  with  the  aid  of  the 
three-dimensional  models  of  the  closely  homologous  Tor¬ 
pedo  [45]  and  mouse  [5]  AChEs.  This  enabled  the  selection 
of  serine  or  threonine  residues  at  the  surface  of  the  protein, 
which  are  susceptible  to  enzyme  phosphorylation,  both  in 
Torpedo  and  mammalian  AChE.  Five  such  sites  were 
found  in  human  AChE:  for  casein  kinase  II  (SI 28,  S355 
and  T466),  protein  kinase  C  (Tll,  All  in  mouse)  and 
protein  kinase  A  (T249),  where  numbers  correspond  to  the 
human  AChE  sequence  (Fig.  lA).  Eleven  more  serine  and 
threonine  residues  were  found  on  the  protein  surface  of 
Torpedo  AChE,  however,  none  of  those  was  part  of  a 
known  consensus  motif  for  phosphorylation  by  any  recog¬ 
nized  kinase  (Fig.  IB). 

3.2.  AChE  can  be  phosphorylated  in  vitro 

To  determine  which  of  the  kinases  identified  in  this 
search  is  in  practice  capable  of  phosphorylating  human 
AChE,  we  used  commercially  available  kinases  and  the 
highly  purified  human  recombinant  AChE  produced  in 
transfected  293  cells  [48].  Casein  kinase  II  and  protein 


S355 


T249 


T466 


Fig.  1.  Serine  and  threonine  residues  on  the  three-dimensional  models  of  AChE.  A:  consensus  motifs  for  various  kinases:  superimposition  of  Torpedo 
(yellow)  and  mouse  (magenta)  AChEs  according  to  their  Ca  atoms.  Amino-acid  numbers  are  as  in  the  human  sequence.  Active  site  serine  (203)  is 
displayed  as  a  turquoise  sphere,  the  PKA  consensus  site  R/KXXT/S  (beginning  with  arginine  or  lysine  and  ending  with  threonine  or  serine) 
threonine-249  in  violet,  the  casein  kinase  II  consensus  sites  S128,  S355  and  T466  in  gray  and  the  protein  kinase  C  consensus  site  Tll  (All  in  mouse)  in 
green.  B:  surface-exposed  serine  and  threonine  residues;  active  site  serine  203  is  displayed  as  a  turquoise  sphere  together  with  those  serine  and  threonine 
residues  which  were  calculated  to  be  exposed  at  the  surface  of  the  Torpedo  AChE  protein  (see  Section  2). 
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kinase  C  were  both  incapable  of  phosphorylating  AChE  in 
vitro.  In  contrast,  protein  kinase  A  (PKA)  efficiently  in¬ 
duced  the  incorporation  of  from  labeled  ATP  into 
AChE.  Moreover,  this  kinase  also  phosphorylated  recom¬ 
binant  human  AChE  produced  in  E.  coli,  human  AChE 
isolated  from  brain  or  blood  sources  and  bovine  erythro¬ 
cyte  AChE,  all  with  apparently  similar  efficiency  (Fig.  2). 
Control  incubation  with  kinase  in  the  absence  of  ATP 
failed  to  phosphorylate  AChE.  The  intensity  of  kinase 
labeling  of  human  and  bovine  AChE  was  lower  than  that 
obtained  under  the  same  conditions  with  HI  histone,  sug¬ 
gesting  a  relatively  limited  availability  of  AChE  amino-acid 
residues  susceptible  to  phosphorylation.  PKA  completely 
failed  to  phosphorylate  the  closely  related  enzyme  human 
butyrylcholinesterase  (BuChE),  even  though  it  includes  a 
consensus  PKA  site  (Fig.  2). 

3.3.  Ex  vivo  AChE  may  be  partially  phosphorylated 

When  treated  with  alkaline  phosphatase  (AP),  elec- 
trophoretically  separated  under  denaturing  conditions  and 
subjected  to  immunodetection,  a  small  fraction  of  purified 
AChEs  from  different  mammalian  sources  migrated  faster 
than  the  non-treated  enzyme  (Fig.  3A).  This  indicated  that 
certain  portions  of  each  of  these  AChE  preparations  had 
been  phosphorylated  in  vivo,  that  these  enzyme  molecules 
retained  their  phosphorylation  throughout  the  purification 
process  and  that  at  least  some  of  the  phosphate  groups 
associated  with  AChE  in  vivo  could  be  removed  in  vitro 
by  AP.  This,  in  turn  predicted  that  the  AP  treatment  should 
reduce  some  of  the  negative  charges  associated  with  the 
treated  enzyme  molecules.  To  test  this  prediction,  we 
performed  isoelectric  focusing  under  non-denaturing  con¬ 
ditions  followed  by  activity  staining  of  the  AP-treated 


recombinant  enzyme.  Interestingly,  a  new  faint  band  repre¬ 
senting  a  novel  AChE  subtype  appeared  on  the  isoelectric 
focusing  gel.  This  enzyme  displayed  an  isoelectric  point  of 
5.9,  higher  than  any  of  the  isoelectric  subtypes  of  the 
untreated  enzyme  (Fig.  3B).  Its  activity  represented  <  3% 
of  the  total  staining,  a  far  smaller  portion  than  that  part  of 
the  immunochemically  detected  AP-treated  enzyme  which 
migrated  faster  in  SDS-PAGE  (cf.  Fig.  3A  and  Fig.  3B), 
suggesting  that  the  AP-dephosphorylated  molecules  are 
less  active  than  others  in  this  preparation. 

The  AP-insensitive  AChE  molecules  could  either  be 
non-phosphorylated  or  phosphorylated  yet  modified  post- 
translationally  in  a  way  preventing  the  action  of  AP. 
However,  PKA  phosphorylation  did  not  create  new  im¬ 
munochemically  detectable  protein  bands  following  elec¬ 
trophoresis  under  denaturing  conditions  (not  shown).  Fur¬ 
thermore,  PKA  treatment  of  hAChE  followed  by  isoelec¬ 
tric  focusing  and  activity  staining  revealed  only  activity 
bands  that  had  existed  in  the  untreated  control  enzyme 
preparation  (Fig.  3B),  in  agreement  with  the  results  ob¬ 
served  by  immunochemical  detection.  These  experiments 
indicate  that  native  AChE  purified  from  red  blood  cells 
and  recombinant  AChE  expressed  in  293  cells  are  at  least 
partially  phosphorylated  and  that  most  of  these  phosphate 
residues  cannot  be  removed  by  AP.  Neither  A-phosphatase 
nor  protein  phosphatase- 1  had  any  effect  on  the  elec¬ 
trophoretic  migration  of  AChE. 

3 A.  AChE  phosphorylation  enhances  hydrolytic  activity 

PKA  phosphorylation  increased  by  up  to  10-fold  the 
rate  of  ATCh  hydrolysis  by  the  recombinant  human  en¬ 
zyme  from  either  E.  coli  or  transfected  cells.  This  also 


AChE  +  PKA 


Fig.  2.  In  vitro  phosphorylation  of  AChEs.  Phosphorylation  reactions  were  performed  on  5  /tg  purified  recombinant  AChE  expressed  in  293  kidney  cells 
(hAChE  (293)),  2  /xg  purified  recombinant  AChE  expressed  in  E.  coli  (h  (£.  coli)),  5,  3  and  5  /xg  of  native  AChE  purified  from  human  red  blood  cells 
(hRBC),  human  brain  (hbrain)  and  bovine  red  blood  cells  (bRBC),  0.2  mU  hBuChE,  respectively,  and  5  /xg  histone  (HI).  One-fifth  of  each  of  the 
phosphorylation  reactions,  was  separated  by  SDS-PAGE  followed  by  either  protein  staining  with  Coomassie  brilliant  blue  (CBB)  or  by  48  h 
autoradiography  (^^P).  An  incubation  without  PKA  served  as  a  control  (C).  Numbers  on  both  sides  of  the  figure  indicate  molecular  mass  in  kDa. 
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Table  1 

Effect  of  protein  kinase  A  on  the  activity  of  cholinesterases  from  various  sources  ® 


Catalytic  ( ^mol /min /ml)  Activity  PKA  consensus  site 


-  Kinase 

-1-  Kinase 

+  Kinase/  -  Kinase 

AChE 

Recombinant  human,  from  293  cells 

8.3 

76.9 

9.3 

Recombinant  human,  from  E.  coli 

0.3 

2.4 

8.0 

-h 

Human  erythrocyte 

3.2 

12.8 

4.0 

+ 

Human  brain 

4.5 

11.3 

2.5 

-H 

Torpedo  electroplax 

4.2 

17.7 

4.2 

- 

COS  cells  transfected  with  normal  E6~ACHEDNA 

0.9 

1.8 

2.0 

-1- 

COS  cells  transfected  with  T249A  E6-ACHEDNA 

1.0 

2.2 

2.2 

- 

BuChE 

Human  serum 

1.1 

1.2 

1.1 

-H 

^  The  data  represent  one  out  of  three  reproducible  experiments  with  standard  deviations  below  30%.  For  BuChE  activity  determinations,  5  mM 
butyrylthiocholine  was  used  as  a  substrate.  AH  enzyme  preparations  were  highly  purified  except  that  for  Torpedo  which  was  partially  purified  and  for 
those  for  COS  cells  which  were  tested  in  conditioned  medium  from  transfected  cells  with  no  further  purification.  The  presence  (  +  )  or  absence  (  “ )  of  a 
PKA  phosphorylation  consensus  site  on  each  of  the  examined  sequences  is  noted. 


293  RBC  E.  coli 
C  AP  C  AP  C  AP 


•H 


(U 


PKA  C  AP  C 


Fig.  3.  Dephosphorylation  of  AChE  modifies  its  electrophoretic  and 
isoelectric  properties.  A:  alkaline  phosphatase  enhances  the  elec¬ 
trophoretic  migration  of  AChE.  Alkaline  phosphatase  (AP)  treated  and 
control  untreated  (C)  recombinant  human  AChE  from  293  cells  (293,  3 
fig),  from  human  red  blood  cells  (RBC,  5  fig)  or  human  AChE  produced 
in  E.  coli  (E.  coli,  3  fig)  were  electrophoretically  separated  under 
denaturing  conditions  and  immunochemically  detected.  The  arrow  indi¬ 
cates  the  position  of  that  fraction  of  these  proteins  that  migrated  faster 
after  dephosphorylation.  B:  alkaline  phosphatase  induces  the  appearance 
of  a  novel  AChE  subtype  with  high  isoelectric  point.  3  fig  hAChE  (293) 
in  a  final  volume  of  20  fi\  was  treated  either  with  PKA  or  with  AP  and 
was  subjected  to  isoelectric  focusing  gel  electrophoresis  followed  by 
activity  staining  of  the  gels.  Similarly  treated  AChEs  served  as  a  control 
(C).  The  arrow  indicates  an  additional  band  at  a  higher  isoelectric  point 
which  could  only  be  observed  after  AP  treatment. 


occurred,  although  to  a  more  limited  extent,  with  AChE 
purified  from  human  brain  or  erythrocytes  or  Torpedo 
electroplax  (Table  1).  This  latter  increment  was  rather 
surprising  as  Torpedo  AChE  lacks  the  consensus  T249 
PKA  site.  Yet,  the  role  of  PKA  was  further  demonstrated 
by  the  fact  that  activation  of  AChE  by  PKA  was  inhibited 
by  40%  in  the  presence  of  the  highly  specific  PKA  in¬ 
hibitor,  PKI. 

In  contrast,  PKA  had  no  effect  on  butyrylthiocholine 
hydrolysis  by  human  serum  BuChE,  although  this  enzyme 
does  carry  the  PKA  consensus  motif  (Table  1).  Thus, 
incorporation  of  ^^P  and  the  enhancement  in  ATCh  hydrol¬ 
ysis  were  clearly  associated  with  each  other. 

Unlike  the  catalytic  rate,  the  for  ATCh  of  the 
treated  AChE  preparations  remained  unaffected,  at  0.05 
mM.  Moreover,  IC50  and  values  for  several 

cholinesterase  inhibitors  targeted  either  to  the  active  or  the 
peripheral  site  [37]  were  also  unmodified.  These  included 
the  carbamate  physostigmine,  the  organophosphate  echoth- 
iophate,  the  Alzheimer’s  disease  drug  tetrahydroamino 
acridine  (tacrine,  Cognex™),  the  selective  AChE  inhibitor 
BW284c51,  which  acts  both  at  the  active  and  the  periph- 


Table  2 

Kinetic  constants  of  human  acetylcholinesterase  purified  from  embryonic 
kidney  293  cells  ^ 


-  Kinase 

-1-  Kinase 

50 

50 

values  ( fiM) 

Tacrine 

0.007 

0.006 

Fasciculin  02 

0.0002 

0.0003 

BW284c51 

0.3 

0.3 

ICso 

Physostigmine 

0.01 

0.01 

Echothiophate 

0.01 

0.01 

^  Kinetic  constants  of  recombinant  AChE  purified  from  293  cells  with  no 
further  treatment  (  -  kinase)  or  treated  with  PKA  (  +  kinase)  were  deter¬ 
mined  as  detailed  in  Section  2. 
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Table  3 

Abolition  of  the  PKA  consensus  site  does  not  modify  AChE  properties 


E6-ACHEDNA-transfected  " 

T249A  E6-ACHEDNA-transfected  •> 

AT,-  values  (ixM) 

Succinylcholine 

290 

290 

Dibucaine 

720 

730 

BW284c51 

0.007 

0.007 

Tacrine 

0.058 

0.072 

Fasciculin  02 

0.0000001 

0.0000001 

Fasciculin  03 

0.0000002 

0.0000002 

ICsQ  value  ( ^M) 

Pyridostigmine 

0.50 

0.55 

^  COS  cells  were  transfected  with  E6-ACHEDNA  as  detailed  in  Section  2  and  the  biochemical  properties  of  AChE  secreted  into  the  medium  were 
determined  as  in  Tables  1  and  2. 

^  Site-directed  mutagenesis  was  employed  to  create  the  T249A  mutant  enzyme.  Tests  were  similar  to  those  for  the  non-mutated  enzyme. 


eral  site  and  the  snake  venom  protein  inhibitor  fasciculin 
(Table  2). 

To  test  the  potential  of  AChE  phosphorylation  to  en¬ 
hance  acetylcholine  hydrolysis  under  exposure  to  various 
AChE  inhibitors,  we  subjected  identical  amounts  of  recom¬ 
binant  human  AChE  produced  in  transfected  293  cells  to 
PKA  phosphorylation  in  vitro  and  then  to  increasing  con¬ 
centrations  of  several  inhibitors.  PKA-phosphorylated  hu¬ 
man  AChE  was  as  sensitive  as  the  untreated  enzyme  to 
inhibition  by  tacrine  (Fig.  4 A).  However,  at  therapeutic 
tacrine  condentrations  of  2  X  10“^  M  [17,19],  phosphory- 
lated  AChE  displayed  considerably  higher  activities  than 
the  control  enzyme  (Fig.  4 A).  A  parallel  difference  in 
remaining  enzyme  activity  was  observed  in  the  presence  of 
10"^®  to  10“®  M  physostigmine  (Fig.  4B),  10“^^  to  10“^ 
M  fasciculin  (Fig.  4C),  which  blocks  the  entrance  to  the 
active  site  of  AChE  [5]  and  10“^^  to  10“^  M  echothio- 
phate  (Fig.  4D).  Thus,  PKA  phosphorylation  can  poten¬ 
tially  serve  to  compensate  for  suppression  of  AChE  activ¬ 
ity  by  a  wide  range  of  concentrations  of  various  inhibitors. 

3.5.  Evidence  for  phosphorylation  at  non-consensus  sites 

The  only  consensus  site  for  PKA  phosphorylation  in  the 
human  AChE  sequence  is  T249  (see  Fig.  lA)  and  it  is 
conserved  in  all  of  the  mammalian  AChEs  [25],  but  not  in 
Torpedo.  Nevertheless,  PKA  was  able  to  enhance  the 
catalytic  activity  of  Torpedo  AChE  (Table  1).  This  in  turn, 
suggested  that  PKA  phosphorylation  might  occur  also  at 
non-consensus  sites  in  all  of  the  examined  AChE  prepara¬ 
tions,  including  those  of  human  origin.  In  that  case,  substi¬ 
tution  of  T249  in  the  human  enzyme  should  not  prevent 
the  capacity  of  PKA  to  increase  its  catalytic  activity.  To 
test  this  hypothesis,  we  employed  site-directed  mutagene¬ 
sis  to  substitute  threonine-249,  which  resides  on  the  pro¬ 
tein  surface  close  to  the  entrance  to  the  active  site  gorge, 
by  alanine.  Non-purified  T249A  hAChE  secreted  from 
transfected  COS  cells  hydrolyzed  ATCh  at  a  normal  rate 


log  inhibitor  (M) 


A  Tacrine 

NH2 

cco 

B  Fasciculin 

C  Physostigmine 

CH,  ® 

1  ^  ” 

D  Echothiophate 

SCH2CH2N(CH3)3 

C2H50_|. 

CH3  CH3 

Fig.  4.  PKA  phosphorylation  enhances  AChE  catalysis  under  exposure  to 
various  inhibitors.  Human  recombinant  AChE  purified  from  293  cells  was 
subjected  to  PKA  phosphorylation  as  in  Section  2,  except  that  the 
PKA :  AChE  ratio  was  lower  in  order  to  maintain  AChE  concentrations 
appropriate  for  inhibition  measurements.  Presented  are  enzyme  activities 
in  the  presence  of  increasing  concentrations  of  the  noted  inhibitors  at  1 
mM  ATCh.  Each  curve  is  an  average  best-fit  result  of  2  experiments.  The 
crystal  structure  of  fasciculin  is  after  [5].  Filled  circles,  PKA-treated 
enzyme;  empty  circles,  untreated  enzyme.  Effects  of  the  inhibitors  indi¬ 
cated  in  the  lower  panels  are  shown  in  the  upper  panels. 
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and  was  2-fold  activated  by  PKA,  an  efficiency  similar  to 
that  observed  for  its  non-mutated  counterpart  (Table  1). 
Moreover,  the  mutant  unpurified  enzyme  displayed  a  simi¬ 
lar  to  that  of  its  normal  counterpart  and  maintained 
unmodified  IC50  and  values  for  several  cholinesterase 
inhibitors  (Table  3).  We  conclude  that  PKA  phosphoryla¬ 
tion  of  AChE,  like  that  of  the  cystic  fibrosis  trans-mem¬ 
brane  receptor  protein  (CFTR)  [38],  takes  place  also  at 
non-consensus  serine/threonine  residues. 

4.  Discussion 

We  have  shown  that  AChE  can  be  phosphorylated  in 
vitro,  employed  different  methods  suggesting  that  part  of 
the  AChE  molecules  in  preparations  from  various  mam¬ 
malian  cell  types  and  Torpedo  electric  organ  are  phospho¬ 
rylated,  and  showed  that  such  phosphorylation  can  be 
physiologically  relevant,  particularly  under  exposure  to 
various  natural  and  man-made  AChE  inhibitors.  That  this 
phosphorylation  is  a  general  phenomenon  was  indicated  by 
the  fact  that  PKA  was  able  to  incorporate  phosphate  from 
ATP  into  purified  AChE  from  different  animal  and  tissue 
sources.  Moreover,  AP  treatment  of  AChE  modified  the 
isoelectric  focusing  pattern  of  the  active  enzyme  from 
various  sources  and  enhanced  the  electrophoretic  migration 
of  a  significant  fraction  of  the  treated  enzyme  under 
denaturing  conditions,  similarly  to  the  effects  on  other  in 
vivo  phosphorylated  proteins,  e.g.  Cdc25  [9]. 

The  mechanism  through  which  phosphorylation  in¬ 
creases  the  activity  of  AChE  remains  obscure.  Possible 
explanations  include  hyperactivation  of  fully  active  cat¬ 
alytic  subunits,  for  instance  by  increasing  product  release. 
Alternatively,  this  activation  could  be  due  to  a  phosphory¬ 
lation-induced  refolding  of  poorly  active  enzyme 
molecules,  bringing  them  to  a  more  active  state.  Two-state 
transition  between  'molten  globule’  and  unfolded  states  of 
AChE  has  indeed  been  demonstrated  by  electron  paramag¬ 
netic  resonance  spectroscopy  [20].  This  explanation  is 
particularly  attractive  for  the  recombinant  enzyme,  and  is 
in  agreement  with  the  fact  that  the  catalytic  properties  of 
the  phosphorylated  enzyme  (e.g.  and  are  identical 
to  those  of  untreated  AChE.  In  any  event,  phosphorylation 
of  AChE  is  independent  of  either  glycosylation  or  C-termi- 
nal  variation  in  the  enzyme,  as  it  occurs  with  the  non-gly- 
cosylated  E,  co//-produced  enzyme  as  well  as  with  the 
erythrocyte  and  brain-derived  forms  which  differ  in  their 
40  C-terminal  amino  acids  due  to  alternative  mRNA  splic¬ 
ing  [39,18].  However,  the  observation  that  alkaline  phos¬ 
phatase  does  not  extensively  modify  the  electrophoretic 
migration  of  recombinant  human  AChE  produced  in  E, 
coli  implies  that  mammalian  kinase(s)  are  primarily  re¬ 
quired  to  exert  this  effect.  While  the  location  where  this  in 
vivo  phosphorylation  takes  place  is  still  unknown,  that  it 
does  not  depend  upon  glycosylation  implies  that  it  may 
occur  intracellularly,  as  is  the  case  for  most  of  the  known 


PKA  phosphorylations  [51].  An  alternative  possibility  is 
that  of  extracellular  phosphorylation  [40,50].  PKA  phos¬ 
phorylation  in  the  synaptic  cleft  would  provide  more  rapid 
response  to  reduced  enzyme  activity  than  that  provided  by 
intracellular  phosphorylation. 

Phosphorylation  of  many  key  elements  of  the  nervous 
system  demonstrates  the  importance  of  protein  kinases  for 
synaptic  functioning.  For  example,  PKA  phosphorylation 
of  synapsin  down-regulates  pre-synaptic  release  [34]. 
Within  the  cholinergic  synapse,  choline  acetyltransferase 
was  shown  to  be  a  substrate  for  a  calcium-dependent 
kinase  [36]  and  PKA  phosphorylation  of  the  nicotinic 
acetylcholine  receptor  [13]  was  shown  to  take  place  in 
vivo.  Receptor  phosphorylation  leads  to  channel  desensiti¬ 
zation  and  to  a  reduced  sensitivity  to  acetylcholine  [23,13]. 
It  is  possible  that  AChE  phosphorylation,  accelerating 
acetylcholine  hydrolysis,  participates  in  this  phenomenon. 
Conversely,  specific  phosphatases  might  enhance  synaptic 
transmission  in  response  to  cholinergic  cues  by  suppress¬ 
ing  AChE’s  activity.  That  phosphatase  inhibitors  reinforce 
physiological  properties  associated  with  cholinergic  cir¬ 
cuits  (e.g.  long-term  potentiation,  [29])  is  in  line  with  this 
prediction. 

The  fact  that  AChE  phosphorylation  affects  neither  the 
of  the  enzyme  for  ATCh  nor  its  affinity  for  active  and 
peripheral  site  inhibitors,  excludes  the  possibility  that  the 
attraction  of  ligands  to  the  active  site  or  intermediary 
complex  were  affected.  Rather,  these  suggest  that  the 
activation  may  be  due  to  a  faster  product  release.  Negative 
charges  of  phosphate  groups  on  peripheral  AChE  sites 
could  also  affect  the  enzyme’s  dipole  moment,  which  has 
been  considered  to  be  an  important  contribution  to  AChE 
catalytic  rate  [35].  Phosphorylation  can  further  modulate 
enzyme  activities  under  anti-cholinesterase  therapies,  with 
special  importance  for  patients  with  genetic  predisposition 
for  adverse  responses  to  such  therapies  [24]. 

It  is  intriguing  that  P  incorporation  appeared  compara¬ 
ble  in  the  different  preparations  whereas  the  increase  in 
activity  was  quite  distinct  for  each  enzyme  source.  For 
example,  we  observed  activation  factors  of  2.5  in  the  case 
of  human  brain  AChE,  4  for  the  red  blood  cell  enzyme  and 
9.3  for  the  recombinant  enzyme.  This  may  indicate  that  the 
in  vitro  phosphorylation  by  PKA  occurs  at  many  sites, 
only  a  small  fraction  of  which  are  catalyticaily  effective; 
and  that  the  extent  to  which  this  (these)  site(s)  remain 
phosphorylated  differs  among  the  different  purification 
protocols.  This,  in  conjunction  with  the  predicted  in  vivo 
phosphorylation,  could  also  explain  the  fact  that  the  AP- 
modified  band  represents  <3%  of  total  activity,  while 
phosphorylation  increases  activity  by  up  to  10-fold.  Also, 
the  existence  of  a  consensus  PKA  motif  was  insufficient  to 
ensure  the  examined  cholinesterase  phosphorylation,  as 
was  evident  from  the  fact  that  BuChE  failed  to  be  phos¬ 
phorylated.  However,  this  could  reflect  a  prior  state  of 
complete  phosphorylation  or  steric  hindrance  due  to  the 
excessive  glycosylation  characteristic  of  BuChE  (reviewed 
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in  [44]).  Subsequent  experiments  demonstrated  that  a  con¬ 
sensus  PKA  site  was  not  necessary  for  the  observed  effect: 
PKA  was  able  to  activate  AChE  in  vitro,  even  when 
prepared  from  Torpedo,  which  lacks  the  consensus  site  or 
when  the  single  T249  consensus  PKA  motif  on  human 
AChE  was  mutated.  This  suggested  that  PKA  can  phos- 
phorylate  AChE  at  non-consensus  sites. 

The  cerebrospinal  fluid  (CSF)  of  Alzheimer’s  disease 
patients,  both  in  vivo  and  post  mortem,  showed  an  anoma¬ 
lous  AChE  band  following  isoelectric  focusing  and  activity 
staining  [30,33,42].  If  the  hyperphosphorylation  of  tau  in 
the  Alzheimer’s  disease  brain  [47]  reflects  a  general  state 
of  excess  kinase  activity,  it  is  possible  that  AChE  is  also 
hyperphosphorylated  under  these  circumstances.  This  could 
explain  the  appearance  of  the  new  AChE  species  in  the 
CSF  of  Alzheimer’s  disease  patients. 

Several  lines  of  evidence  [8,22,41,18,16]  demonstrate 
non-catalytic  activities  for  AChE  which  may  also  be  af¬ 
fected  by  its  phosphorylation.  The  sequence  homologies 
between  AChE  and  the  family  of  neurexin  ligands,  includ¬ 
ing  neuroligins-1,  2  and  3  [15],  raise  the  possibility  that  the 
non-catalytic  properties  of  AChE  may  be  due  to  its  capac¬ 
ity  to  interact  with  neurexins.  Phosphorylation  of  surface 
amino-acid  residues  is  likely  to  be  of  primary  importance 
to  such  protein-protein  interactions,  as  is  the  case  for 
cyclin  interactions  [32].  Neurotactin,  one  of  these  non-cata- 
lytically  active  nervous  system  proteins  with  sequence 
homology  to  AChE  is  indeed  phosphorylated  in  vivo  [2], 
AChE  phosphorylation  is  thus  a  key  process  with  the 
potential  to  control  numerous  functions,  both  within 
cholinergic  synapses  and  in  the  developing  nervous  sys¬ 
tem. 
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Acetylcholinesterase  Enhances  Neurite  Growth  and  Synapse 
Development  through  Alternative  Contributions  of  Its  Hydrolytic 
Capacity,  Core  Protein,  and  Variable  C  Termini 
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Accumulated  indirect  evidence  suggests  nerve  growth- 
promoting  activities  for  acetylcholinesterase  (AChE).  To  deter¬ 
mine  unequivocally  whether  such  activities  exist,  whether  they 
are  related  to  the  capacities  of  this  enzyme  to  hydrolyze  ace¬ 
tylcholine  and  enhance  synapse  development,  and  whether 
they  are  associated  with  alternative  splicing  variants  of  AChEm- 
RNA,  we  used  four  recombinant  human  AChEDNA  vectors. 
When  Xenopus  laevis  embryos  were  injected  with  a  vector 
expressing  the  synapse-characteristic  human  AChE-E6,  which 
contains  the  exon  6-encoded  C  terminus,  cultured  spinal  neu¬ 
rons  expressing  this  enzyme  grew  threefold  faster  than  co¬ 
cultured  control  neurons.  Similar  enhancement  occurred  in 
neurons  expressing  an  Insertion-Inactivated  human  AChE- 
E6-1N  protein,  containing  the  same  C  terminus,  and  displaying 
indistinguishable  immunochemical  and  electrophoretic  migra¬ 
tion  properties  from  AChE-E6,  but  incapable  of  hydrolyzing 
acetylcholine.  In  contrast,  the  nonsynaptic  secretory  human 
AChE-l4,  which  contains  the  pseudointron  4-derived  C  termi¬ 
nus,  did  not  affect  neurite  growth.  Moreover,  no  growth  promo¬ 


tion  occurred  in  neurons  expressing  the  catalytically  active 
C-tenmlnally  truncated  human  AChE-E4,  demonstrating  a  dom¬ 
inant  role  for  the  E6-derived  C  terminus  in  neurite  extension. 
Also,  AChE-E6  was  the  only  active  enzyme  variant  to  be  asso¬ 
ciated  with  Xenopus  membranes.  However,  postsynaptic 
length  measurements  demonstrated  that  both  AChE-E6  and 
AChE-E4  enhanced  the  development  of  neuromuscular  junc¬ 
tions  in  vivo,  unlike  the  catalytically  inert  AChE-E6-lN  and  the 
nonsynaptic  AChE-l4.  These  findings  demonstrate  an  evolu- 
tionarily  conserved  synaptogenic  activity  for  AChE  that  de¬ 
pends  on  its  hydrolytic  capacity  but  not  on  its  membrane 
association.  Moreover,  this  synaptogenic  effect  differs  from  the 
growth-promoting  activity  of  AChE,  which  is  unrelated  to  its 
hydrolytic  capacity  yet  depends  on  its  exon  6-mediated  mem¬ 
brane  association. 

Key  words:  acetylcholinesterase;  alternative  C  termini;  neu¬ 
rogenesis;  neurite  extension;  noncatalytic  function;  Xenopus 
spinal  neurons;  synaptogenesis;  neuromuscular  junctions 


Acetylcholinesterase  (AChE)  hydrolyzes  the  neurotransmitter 
acetylcholine  (ACh)  released  from  nerve  terminals  at  neuromus¬ 
cular  junctions  (NMJs)  and  brain  cholinergic  synapses,  thus  ter¬ 
minating  synaptic  transmission  (Salpeter,  1967).  Potential  non¬ 
catalytic  functions  of  AChE  were  implicated  by  findings  that 
certain  AChE  inhibitors  decrease  chick  neurite  outgrowth  in 
culture  and  that  externally  added  AChE  stimulates  this  process 
regardless  of  the  presence  of  specific  inhibitors  (Layer  et  al.,  1993; 
Jones  et  al.,  1995;  Small  et  al.,  1995).  Sequence  homology  be¬ 
tween  AChE  and  several  adhesion  molecules  (de  La  Escalera  et 
al.,  1990;  Auld  et  al,,  1995;  Ichtchenko  et  al.,  1995)  and  the  early 
appearance  of  AChE  in  developing  embryos  before  the  onset  of 
cholinergic  neurotransmission  (Layer  and  Willbold,  1995)  also 
suggest  that  AChE  may  play  a  developmental  function  in  cellular 
development  and  neuronal  growth  that  is  unrelated  to  its  classic 
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ACh  hydrolyzing  activity.  However,  experiments  aimed  at  the 
noncatalytic  nature  of  the  neurogenic  activity  of  AChE  were  all 
based  on  the  indirect  use  of  inhibitors  or  involved  external  addi¬ 
tion  of  AChE  to  the  culture  medium  (Jones  et  al.,  1995)  or  solid 
substrate  (Layer  et  al.,  1993;  Small  et  al.,  1995).  This  called  for 
studies  in  which  the  activity  levels  of  AChE  would  be  changed 
within  the  tested  neurons  themselves. 

Human  pre-AChEmRNA  may  be  alternatively  spliced  at  its  3^ 
end  to  yield  three  mature  AChEmRNAs  encoding  protein  prod¬ 
ucts  with  three  distinct  C  termini  (Ben  Aziz-Aloya  et  al.,  1993; 
Karpel  et  al.,  1994).  These  include  the  brain-abundant  exon 
6-encoded  C-terminal  peptide,  the  hematopoietic  exon  5-encoded 
C  terminus,  which  enables  glycophospholipid  attachment,  and  the 
C  terminus  derived  from  the  open  reading  frame  of  the  tumor- 
abundant  pseudointron  4.  The  brain  and  muscle  human  (h) 
AChE  form  (hAChE-E6),  expressed  in  developing laevis 
embryos,  accumulates  in  and  enlarges  the  postsynaptic  length  of 
neuromuscular  junctions  (NMJs)  (Seidman  et  al.,  1994;  1995). 
Transgenic  mice  expressing  hAChE-E6  show  NMJ  enlargement 
and  late  onset  neuromotor  deterioration  (Andres  et  al.,  1997).  In 
contrast,  DNA  encoding  the  read- through  form  of  hAChEmRNA 
(ACHE-I4/E5)  causes  production  and  secretion  of  an  enzyme  C 
terminated  by  the  I4-encoded  peptide  (hAChE-I4)  in  ciliated  and 
secretory  epidermal  cells  of  Xenopus  embryos.  Moreover, 
hAChE-I4  did  not  reach  NMJs  or  affect  their  length  (Seidman  et 
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al.,  1995).  When  transfected  into  glioma  cells,  ACHE-I4/E5 
caused  the  appearance  of  small,  processless  round  cells,  whereas 
hAChE-E6  transfection  induced  process  extension  (Karpel  et  al., 
1996).  To  explore  the  involvement  of  the  catalytic  activity  and  the 
alternative  C  termini  of  AChE  in  its  neurogenic  or  synaptogenic 
activities,  we  constructed  two  novel  hAChEDNA  vectors.  One  of 
these  encodes  a  truncated  form  of  the  enzyme,  devoid  of  any  of 
the  natural  C  termini;  the  other  encodes  an  insert-disrupted  form 
of  the  enzyme,  incapable  of  hydrolyzing  ACh  yet  recognized  by 
anti-AChE  antibodies.  These  two  constructs  and  the  above 
hACHE-E6  and  hACHE-I4/E5  DNAs  were  microinjected  into 
Xenopiis  oocytes  and  embryos.  The  biochemical  and  hydrody¬ 
namic  properties  of  the  resultant  proteins  were  then  compared 
with  the  effects  of  each  of  these  AChE  variants  on  neurite 
extension  from  spinal  neurons  and  on  in  vivo  NMJ  development 
in  Xenopus. 

MATERIALS  AND  METHODS 

Construction  of  vectors.  The  plasmids  referred  to  here  as  ACHE-E6  and 
ACHE-I4/E5  have  been  described  in  detail  (Ben  Aziz-Aloya  et  al..  1993; 
Seidman  et  al.,  1995).  To  create  a  DNA  construct  encoding  a  truncated 
form  of  hAChE,  lacking  either  of  the  native  C  termini,  we  used  a 
two-phase  PCR  engineering  procedure  (Higuchi,  1990)  using  the  recom¬ 
binant  human  ACHE  cDNA  and  genomic  clones  (Soreq  et  al,,  1990).  In 
the  first  PCR  phase,  performed  essentially  as  described  (Karpel  et  al., 
1994),  ACHE-E6  served  as  template.  Two  partially  overlapping  products 
were  produced  in  which  ACHE  exon  4  and  the  SV40  polyadenylation 
signal  were  joined  together,  using  primers  containing  the  overlapping 
sequence:  E3/1522-F  5'-CGGCTCTACGCCTACGTCTTTGAlACAC 
CGTGCTTC-3';  E4del4-5'-TAACGTCGACTATCAGGTGGCGCT 
GAGCAATTTGGGGG-3';  E4del3+  5'-TTGCTCAGCGCCACCTGAT 
AGTCGACGTTAACTTGTTTATTGCAGCTTATAATGG-3';  SV40 
PolyA-5'  ATGATTTGGACAAACCACA\CTAGAATGCAGTG-3'. 
Primers  were  named  according  to  their  position  in  the  human  ACHE 
alternative  sequences  and  vectors.  After  removal  of  the  primers,  the  two 
products  were  combined  into  one  longer  product  by  a  second  PCR  reaction 
in  which  they  served  as  templates.  External  primers  E3A522-I-  ^d  SV40 
poly  A-  were  used  in  the  second  phase  to  create  a  fragment  consisting  of  the 
3'  end  of  exon  3,  exon  4,  and  the  polyA  signal.  PCR  reaction  was  as  above 
except  that  in  the  first  cycle  the  denaturing  step  was  at  94®C  for  5  min  and  the 
annealing  step  was  from  94  to  50“C  (slope  rate  of  l^C  per  30  sec).  The 
product  and  the  original  ACHE-E6  plasmid  were  restricted  using  enzymes 
Notl  and  Sail,  and  the  two  products  were  then  ligated. 

To  construct  the  disrupted  ACHE  coding  sequence  we  inserted  an 
in-frame  sequence  of  21  nucleotides,  six  bases  downstream  of  the  codon 
for  the  active  site  serine,  located  in  exon  2.  The  technique  used  was  the 
same  two-phase  PCR  described  above.  In  the  first  PCR  phase  we  used 
primers  containing  the  inserted  sequence.  Primers  used  were  E2/340-I- 
5'-GCTTTCCTGGGCATCCCCTTTGCGGAGCCA-3';  E2ins2-5'- 
TCCaccgaattgaggatgtcgccacgcgctCTCCCCAA ACAGCGT-3';  E2insl -I- 
5'-AGCGCGtggcgacatcctcaattcggtggaGCCGCCTCGGCGGGCAT-3'; 
1212-5'-GAAGTCTCCCGCGTTGATCAGGGCCTCTGG-3'.  The  in¬ 
serted  sequence  is  designated  by  lower  case  letters.  Primers  E2/340+  and 
E2ins2-  were  used  to  link  the  inserted  sequence  to  the  upstream  PCR 
product,  and  primers  E2insl-i-  and  E2/1212-  were  used  to  link  it  to  the 
downstream  product.  The  second  PCR  phase  was  performed  using  ex¬ 
ternal  primers  E2/340+  and  E2/1212-.  Stage  II  PCR  product  and 
ACHE-E6  were  restricted  using  enzymes  5s/EII  and  Sphl  and  ligated. 
First  and  second  phase  PCR  reactions  were  as  above.  After  construction, 
the  accuracy  and  integrity  of  both  constructs  was  validated  by  DNA 
sequencing. 

Recombinant  AChE  production  and  assays  of  hydrolytic  activity.  Xeno¬ 
pus  oocytes  were  microinjected  with  10  ng  of  DNA  of  each  recombinant 
AChE  plasmid,  incubated  for  48  hr,  and  homogenized  in  high-salt- 
detergent  buffer  as  described  previously  (Neville  et  al.,  1990).  Homoge¬ 
nates  were  frozen  until  use.  AChE  activity  was  measured  by  evaluating 
acetylthiocholinc  (ATCh)  hydrolysis  using  96-weIl  microtiter  plates.  pH 
dependence  of  AChE  activity  was  assessed  using  phosphate  buffer  at  the 
pH  range  5.8-8.0,  with  intervals  of  0.2.  For  and  substrate  inhibition 
experiments,  we  used  ATCh  in  the  concentration  range  of  0.05-60  mM 
and  the  GraFit  3.0  program  (Erithacus  Software  limited,  Staines,  UK). 


For  enzyme  stability  studies,  oocyte  homogenates  were  incubated  at 

19- 42®C  for  0-5  hr,  after  which  AChE  catalytic  activities  in  each  of  the 
homogenates  were  assessed  as  above. 

Xenopus  embryo  microinjection  and  subcellular  fractionation.  In  vitro 
fertilization  of  mature  Xenopus  eggs  and  blastomere  microinjection  were 
performed  as  described  elsewhere  (Seidman  et  al.,  1994),  except  that 
embryos  were  raised  in  19-21®C.  Subcellular  fractionation  of  1-,  2-,  and 
3-d-old  embryos  into  low-salt  (0.01  M  Tris-HCI,  pH  7.4,  0.05  m  MgCl2, 144 
mM  NaCl),  low-salt-detergent  (1%  Triton  X-100  in  0.01  M  sodium  phos¬ 
phate,  pH  7.4),  and  high-salt  (1  M  NaCl  in  0.01  M  sodium  phosphate,  pH 
7.4)  buffers  was  performed  as  described  previously  (Seidman  et  al.,  19^). 

Protein  blot  analyses  and  immunocytochemistry.  Denaturing  SDS- 
PAGE  and  blotting  were  essentially  as  described  elsewhere  (Seidman  et 
al.,  1994),  except  that  after  transfer  the  blots  were  washed  with  lx  PBS 
(80  mM  NaH2P04,  20  mM  Na2HP04,  pH  7.4),  0.5%  Tween-20,  18% 
glucose,  10%  glycerol,  2.5%  bovine  serum  albumin,  and  1%  skim  milk. 
Immunodetection  was  performed  using  a  pool  of  monoclonal  mtibodies 
(132-1,23;  6  p.g/ml  each)  raised  against  denatured  human  brain  AChE, 
and  a  1:2  X  lO'^  dilution  of  a  horseradish-peroxidase-conjugated  sheep 
anti-mouse  IgG  (Jackson  Laboratories,  Bar  Harbor,  ME).  Chemilumi¬ 
nescent  detection  was  performed  with  the  ECL  kit  (Amersham  Life 
Sciences)  as  instructed.  Ten  microliter  samples  of  oocyte  homogenate 
(equivalent  to  "-50  ng  AChE)  were  loaded  on  each  lane.  For  enzyme 
activity  blots,  we  used  nondenaturing  gel  electrophoresis  followed  by 
incubation  in  ATCh  staining  mixture  (Seidman  et  al.,  1995),  using  similar 
amounts  of  oocyte  homogenates. 

For  immunochemical  AChE  detection  in  situ,  cells  were  fixed  with  2% 
paraformaldehyde  in  PBS  for  30  min  at  room  temperature  and  then 
permeabilized  with  0.1%  Triton  X-100  (20  min).  After  they  were  washed 
with  TEST  (10  mM  Tris-HCI,  pH  7.0,  150  mM  NaCl,  0.05%  Tween-20), 
cells  were  incubated  with  anti-human  AChE  antibodies  (mouse  mono¬ 
clonal  antibody  132-1;  1:1000  dilution  in  TEST  containing  10%  normal 
goat  serum)  at  4®C  overnight.  After  washes  with  TEST  (5  X  30  min),  cells 
were  incubated  with  goat  anti-mouse  IgG  conjugated  to  fluorescein 
(Sigma)  (1:100  in  TEST  containing  10%  normal  goat  serum)  at  22®C  for 
2  hr.  After  the  same  washing  procedure  as  described  above,  cells  were 
mounted  and  observed  under  a  Nikon  Diaphot  microscope  with  a  20 x/ 
1.25  objective. 

Culture  preparation.  Xenopus  nerve-muscle  cultures  were  prepared 
according  to  previously  reported  methods  (Spitzer  and  Lamborghini, 
1976;  Anderson  et  al.,  1977;  Tabti  and  Poo,  1995).  Briefly,  neural  tubes 
and  the  associated  myotomal  tissue  of  1-d-old  Xenopus  embryos  (stage 

20- 23  according  to  Nieuwkoop  and  Faber,  1967)  were  dissociated  in 
Ca^'^-Mg^'^-free  saline  supplemented  with  EDTA  (115  mM  NaCl,  2.6 
mM  KCl,  10  mM  HEPES,  0.4  mM  EDTA,  pH  7.6)  for  15-20  min.  The 
cells  were  plated  on  glass  coverslips  and  used  for  experiments  after  6  hr 
of  incubation  at  room  temperature.  The  culture  medium  consisted  (vol/ 
vol)  of  49%  Leibovitz  L-15  medium  (Life  Technologies,  Gaithersburg, 
MD),  1%  bovine  serum  (Life  Technologies),  and  50%  Ringeris  solution 
(115  mM  NaCl,  2  mM  CaCl2,  2,6  mM  KCl,  10  mM  HEPES,  pH  7.6). 

Neurite  length  measurements.  Line  drawings  of  isolated  neurons  and 
their  neuritic  processes  were  traced  from  the  video  monitor  display  of 
recorded  microscopic  images.  The  tip  of  the  growing  neurite  was  defined 
as  the  distal  leading  edge  of  the  phase-dark  palm  of  the  growth  cone, 
without  considering  the  filopodial  extension.  The  entire  trajectory  of  the 
neurite,  including  all  of  its  branches,  was  measured  with  a  digitizing  pad 
(Houston  Instruments),  and  the  total  length  of  each  neurite  was  calcu¬ 
lated  by  a  microcomputer.  The  rate  of  extension  (micrometers  per  hour) 
was  determined  by  dividing  the  net  increase  in  neurite  length  (in  mi¬ 
crometers)  by  the  duration  of  observation  (in  hours). 

Electron  microscopy  and  morphometric  analyses.  Histochemical  stain¬ 
ing,  transmission  electron  microscopy,  and  morphometric  analyses  were 
performed  as  described  previously  (Ben  Aziz-Aloya  et  al.,  1993;  Seidman 
et  al.,  1995). 

RESULTS 

Construction  and  analyses  of  hAChE  variants 
To  delineate  functions  and  domains  of  AChE  variants  that  are 
involved  in  neuron  growth  and  synaptogenesis,  two  novel  hACh¬ 
EDNA  vectors  were  constructed  by  a  two-phase  PCR  procedure 
(see  Materials  and  Methods).  One  of  these  constructs,  ACHE-E4 
(Fig.  1^),  carries  a  truncated  coding  sequence  containing  exons  2, 
3,  and  4  of  the  human  ACHE  gene.  The  other  construct,  ACHE- 
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Figure  L  Biochemical  properties  of  recombinant  AChE  variants.  A,  Analyzed  AChE  DNAs  and  the  DNA  constructs  encoding  each  of  the  examined 
AChE  variants.  Common  exons  are  designated  by  black  boxes,  exon  6  by  a  hatched  box,  and  pseudointron  4  and  exon  5  by  dotted  boxes.  See  Materials 
and  Methods  for  details  on  the  construction  of  these  vectors.  B,  Hydrolytic  cholinesterase  activities.  ATCh  hydrolyzing  activities  of  each  of  the  enzyme 
forms  encoded  by  the  above  ACHE  constructs  were  tested  in  homogenates  of  microinjected  Xenop^  oocytes.  Presented  are  average  results  of  three 
experiments  for  each  construct.  Endogenous  Xenopus  AChE  activities  were  subtracted  from  activities  found  for  cDNA-injected  oocytes.  Note  that 
AChE-E4  activity  levels  are  comparable  with  those  of  AChE-E6  and  AChE-I4  and  that  AChE-E6-IN  displayed  no  significant  catalytic  activity.  C, 
Electrophoretic  properties  and  antibody  recognition  of  the  AChE  variants.  Homogenates  at  Xenopus  oocytes  microinjected  with  each  of  the  ACHE 
cDNA  constructs  and  of  control  buffer-injected  oocytes  (C)  were  subjected  to  denaturing  gel  electrophoresis  followed  by  protein  blot  and  immunode¬ 
tection  (top)  and  to  nondenaturing  gel  electrophoresis  followed  by  AChE  activity  staining  (pottom).  Each  lane  represents  ~50  ng  AChE.  Note  that 
AChE-E6-IN  is  highly  immunorc active  but  displays  no  catalytic  activity  and  that  AChE-E4  migrates  faster  than  the  other  variants  in  the  denaturing  gel. 
In  the  bottom  panel,  note  that  AChE-I4  displays  heterogeneous  bands  and  migrates  faster  than  AChE-E6  and  AChE-E4.  D,  Substrate  inWbition.  The 
above  oocyte  homogenates  were  assayed  for  cholinesterase  activity  in  the  presence  of  0.05-60  mM  ATCh  as  substrate.  Cholinesterase  activity  m  each 
substrate  concentration  is  shown  as  percentage  of  the  highest  activity  for  each  homogenate,  after  subtraction  of  spontaneous  ATCh  hydrolysis.  Shown 
is  one  representative  of  two  experiments.  Inset,  values  of  the  recombinant  hAChE  variants. 


E6-IN  (Fig.  \A),  encodes  a  protein  identical  to  the  synapse- 
accumulating  AChE-E6,  except  that  it  carries  an  in-frame  insert 
of  seven  amino  acids  near  the  active  site  protein  sequence,  which 
should  render  it  inactive.  Similar  to  the  previously  used 
ACHE-E6  (Ben  Aziz-Aloya  et  al.,  1993)  (Fig.  \A)  and  ACHE- 
I4/E5  (Seidman  et  al.,  1995)  (Fig.  1^),  transcription  of  both  these 
constructs  was  regulated  by  the  cytomegalovirus  promoter,  and 
they  both  contain  the  SV40  polyadenylation  signal.  Together,  this 
set  of  four  constructs  enabled  us  to  explore  the  biochemical  and 
morphogenic  activities  of  AChEs  with  three  distinct  C  termini 
(encoded  by  E6, 14,  or  E4)  and  of  the  synaptic  AChE-E6  enzyme 
with  or  without  catalytic  capacity. 

For  biochemical  characterization  of  their  protein  products,  all 
four  plasmids  were  microinjected  into  Xenopus  oocytes.  The 
catalytic  activity  of  the  resultant  proteins  was  then  assessed  by 
measuring  the  hydrolysis  rate  of  acetylthiocholine  (ATCh)  in 
oocyte  homogenates.  As  predicted,  oocytes  expressing  the  dis¬ 
rupted  form,  ACHE-E6-IN,  displayed  exceedingly  low  activity 
levels  (Fig.  IB),  which  were  similar  to  those  of  the  two  experi¬ 
mental  controls:  buffer-injected  and  uninjected  oocytes  (not 


shown),  most  probably  reflecting  the  endogenous  Xenopus  AChE 
activity  levels.  As  expected,  both  natural  AChE  variants,  termi¬ 
nated  with  the  E6-encoded  C  terminus  or  with  that  encoded  by  14, 
showed  high  activity  levels  (Fig.  IB),  confirming  previous  results 
(Schwarz  et  al.,  1995a;  Seidman  et  al.,  1995).  The  novel  truncated 
form  of  AChE,  encoded  by  ACHE-E4,  displayed  activity  levels 
within  the  range  of  the  other  two  variants  (Fig.  IB).  This  dem¬ 
onstrated  that  neither  of  the  natural  C  termini  encoded  by  E6  or 
14  is  essential  for  the  ACh  hydrolytic  activity  of  AChE. 

Electrophoretic  distinctions  and  hydrolytic  similarities 
In  consideration  of  the  possibility  that  the  low  activity  levels 
observed  for  the  ACHE-E6-IN  homogenates  did  not  reflect  in¬ 
activation  but  were  caused  by  impaired  production  of  this  protein 
in  oocytes,  we  subjected  the  various  recombinant  hAChEs  to 
denaturing  gel  electrophoresis  followed  by  immunoblotting.  Se¬ 
lective  immunodetection  of  hAChE  bands  (Fig.  1C,  top  panel) 
demonstrated  that  the  Xenopus  system  is  capable  of  producing 
AChE-E6-IN  in  size  and  amounts  comparable  to  those  of  the 
other  AChE  variants.  The  electrophoretic  migration  distance  of 
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all  variants  except  AChE-E4  matched  the  expected  molecular 
weight  of  66  kDa,  whereas  AChE-E4  migrated  somewhat  faster, 
consistent  with  its  truncated  C  terminus.  Minor  amounts  of  an 
immunopositive  protein,  with  a  migration  distance  similar  to  that 
of  AChE-E4,  could  also  be  seen  in  the  lanes  loaded  with  the 
protein  products  of  ACHE-E6  and  ACHE-E6-IN  (Fig.  1C,  top 
panel).  Catalytic  activity  and  intact  C  termini  are  therefore  not 
obligatory  requirements  for  production  and  stability  of  this  pro¬ 
tein  in  the  Xenopiis  milieu. 

When  subjected  to  nondenaturing  gel  electrophoresis  followed 
by  AChE  activity  staining,  the  enzyme  produced  by  ACHE- 
E6-IN  showed  no  detectable  catalytic  activity,  as  opposed  to  the 
other  variants,  which  were  all  highly  active  (Fig.  1C,  bottom 
panel).  The  migration  of  AChE-E6  was  considerably  slower  and 
the  band  was  much  sharper  than  those  of  AChE-I4,  which  dis¬ 
played  faster  migrating  heterogeneous  bands.  AChE-E4  showed 
an  intermediate  band.  The  four  tested  hAChE  variants  thus 
differed  in  their  Stokes  radius  and  charge  and  active  site  confor¬ 
mation,  whereas  they  maintained  similar  primary  folding  and 
production  efficiency. 

Having  shown  that  ACHE-E6,  ACHE-I4/E5,  and  ACHE-E4 
all  encode  for  active  enzymes,  we  wished  to  examine  whether 
changing  the  C  terminus  of  AChE  did  not  affect  its  catalytic 
properties  in  a  more  subtle  manner.  Interestingly,  the  Xenopus 
enzyme  retained  its  full  catalytic  activity  after  5  hr  at  42°C, 
whereas  all  hAChE  variants  lost  50%  of  their  activity  (not 
shown).  However,  all  three  hAChE  variants  were  found  to  have 
values  within  the  same  range  of  the  previously  reported  value 
(0.3  mM  for  AChE-E6  In  Xenopus  oocytes)  (Seidman  et  al.,  1994) 
and  were  similarly  inhibited  by  high  substrate  concentrations  (Fig. 
IjD).  Also,  substrate  hydrolysis  by  all  AChE  forms  was  similarly 
enhanced  within  the  pH  range  of  5.8- 8.0  (data  not  shown),  in 
agreement  with  reports  of  others  (for  review,  see  Schwarz  et  al., 
1995b).  There  was  therefore  no  indication  whatsoever  for  involve¬ 
ment  of  the  variable  C  termini  of  AChE  in  its  catalytic  properties, 
consistent  with  previous  reports  in  which  proteolytic  cleavage  of 
the  C  terminus  was  used  to  obtain  a  homogeneous  catalytically 
active  AChE  preparation  for  x-ray  diffraction  analysis  (Sussman 
et  al,  1991). 

Expression  of  human  AChE  in  Xenopus  spinal  neurons 

Expression  of  hAChE  in  Xenopus  embryonic  neurons  was  exam¬ 
ined  after  injection  of  each  of  the  above  hAChEDNA  constructs 
into  one  of  the  blastomeres  of  two-cell  stage  Xenopus  embryos. 
To  facilitate  identification  of  living  neurons  expressing  hAChE 
during  neurite  growth  assays,  fluorescent  dextran  was  co-injected 
with  the  DNA.  The  progeny  neurons  of  the  injected  blastomere 
could  then  be  identified  by  the  presence  of  fluorescent  dextran. 
Confirmation  of  AChE  expression  in  individual  spinal  neurons 
was  then  obtained  by  immunocytochemical  staining  of  the  disso¬ 
ciated  neurons  from  1-d-old  embryos,  using  monoclonal  antibod¬ 
ies  specific  for  hAChE  (Seidman  et  al.,  1995).  The  reliability  of 
fluorescent  dextran  as  a  marker  for  neurons  overexpressing 
AChE  was  examined  in  the  following  experiment.  Nerve-muscle 
cultures  were  prepared  from  embryos  injected  with  ACHE-E6 
cDNA  and  rhodamine- dextran.  Dextran-positive  neurons  in  1-d- 
old  cultures  were  identified  and  recorded.  The  same  cultures  were 
then  processed  for  immunocytochemical  staining  with  antibodies 
against  AChE.  In  control  cultures  prepared  from  embryos  not 
injected  with  AChE-E6  cDNA,  there  was  a  negligible  level  of 
AChE  staining.  In  cultures  prepared  from  AChE-E6  cDNA  and 
dextran-injected  embryos,  we  found  that  92%  (36  of  39  cells)  of 


dextran-positive  neurons  exhibited  AChE  staining,  whereas  95% 
(55  of  58  cells)  of  dextran-negative  neurons  exhibited  undetect¬ 
able  AChE  staining.  Figure  2  depicts  examples  of  (AChE+)  and 
(AChE~)  neurons,  together  with  their  bright-field  images  at  7,  8, 
and  9  hr  in  culture,  before  the  staining  of  AChE.  In  this  culture, 
dextran-positive  muscle  cells  also  showed,  as  expected,  elevated 
staining  with  AChE.  Thus,  immunostaining  for  hAChE  shows 
that  hAChE-E6  is  expressed  in  these  spinal  neurons  and  that 
dextran  fluorescence  is  a  reliable  marker  for  AChE  expression. 

Effects  of  expressing  human  AChE  on  neurite  growth 

Six  hours  after  plating  of  dissociated  Xenopus  neural  tube  cells  in 
culture,  many  spinal  neurons  exhibit  active  neurite  outgrowth. 
Only  isolated  neurons  not  in  contact  with  any  other  cell  were  used 
in  this  study,  on  which  two  types  of  neurite  growth  assays  were 
made.  First,  the  total  neurite  length  of  each  neuron  in  the  culture 
was  measured.  Second,  extension  of  individual  neurites  was  mea¬ 
sured  for  a  3-4  hr  period  at  1  hr  intervals  (from  6  to  10  hr  after 
plating).  The  hAChE-expressing  (AChE4*)  neurons  were  identi¬ 
fied  by  the  presence  of  fluorescent  dextran  in  the  cell.  To  reduce 
culture-to-culture  variation,  similar  numbers  of  (AChE+)  and 
control  neurons  in  the  same  culture  or  cultures  from  the  same 
batch  of  embryos  were  examined.  This  analysis  revealed  that  the 
average  neurite  length  (the  entire  trajectory  of  the  neurite,  in¬ 
cluding  all  its  branches)  was  124.0  ±  11.7  pm  (SEM;  n  =  32)  in 
(AChE-E6-i-)-expressing  neurons,  which  is  significantly  longer 
(p  <  0.001;  two-tailed  t  test)  than  that  observed  for  noninjected 
neurons  (88.2  ±  10.3  pm;  SEM;  n  =  33)  or  AChE-I4-expressing 
neurons  (77.5  ±  8.2  pm;  SEM;  n  =27).  To  illustrate  the  overall 
difference  in  neurite  growth  for  a  large  number  of  neurons, 
composite  drawings  were  made  by  superimposing  tracings  of  the 
video  images  of  randomly  chosen  neurons,  15  from  each  of  the 
noninjected  control,  (AChE-E6+),  and  (AChE-I4+)  groups,  re¬ 
spectively  (Fig.  3).  It  is  clear  from  this  figure  that  the  net  neurite 
extension  over  the  first  9  hr  in  culture  was  substantially  longer  in 
(AChE-E6+)  neurons. 

The  higher  total  neurite  length  at  a  particular  time  in  culture 
may  reflect  a  higher  growth  rate  of  each  neurite,  an  earlier  onset 
of  neurite  outgrowth  from  the  soma  after  cell  plating,  or  both. 
Direct  measurements  of  the  growth  rate  of  individual  neurites 
during  the  6-10  hr  period  revealed  that  (AChE-E6+)  neurites 
indeed  exhibit  a  higher  growth  rate.  As  shown  in  Table  1,  in  the 
same  group  of  cultures,  the  average  growth  rate  was  12.9  ±  2.7 
pm/hr  (SEM;  n  =  33)  for  noninjected  control  neurons  but  was 
elevated  to  37.9  ±  5.2  pm/hr  (SEM;  n  =  32)  for  (AChE-E6+) 
neurons,  the  difference  being  highly  significant  (p  <  0.005;  two- 
tailed  t  test).  In  contrast,  neurons  expressing  the  read-through 
form  AChE-I4  did  not  show  any  difference  in  growth  rate  com¬ 
pared  with  the  noninjected  controls.  The  enhanced  growth  rate  of 
(AChE-E6+)  neurons  was  sufficient  to  account  for  the  difference 
in  the  overall  neurite  length  described  above,  although  earlier 
neurite  initiation  could  also  have  occurred.  In  addition  to  the 
growth  rate,  we  also  measured  the  number  of  neuritic  branches  in 
each  group  of  neurons.  As  shown  in  Table  1,  no  significant 
difference  was  found  between  any  of  the  groups. 

Growth  promotion  is  unrelated  to  ACh 
hydrolytic  activity 

Whether  the  growth-promoting  effect  on  Xenopus  neurons  was 
partially  or  entirely  caused  by  the  catalytic  activity  of  the  enzyme 
in  hydrolyzing  ACh  was  tested  by  expressing  AChE-E6-IN,  the 
insertion-inactivated  form  of  AChE-E6,  which  lacks  ACh  hydro- 
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Figure  2,  Neurons  expressing  human  AChE-E6  (+)  and  control  neurons  (-)  in  Xeru>pus  cultures.  Xenopos  embryos  were  co-injected  with  AC^-E6 
DNA  and  rhodamine-dextran  complexes,  and  their  spinal  neurons  were  dissociated  into  culture  1  d ima^s  w^^^^  8  Md 

9  hr  after  cell  plating.  Both  the  total  neurite  length  and  the  rate  of  neurite  growth  were  measured  during  this  period  F  uore^ence  micrographs  on  the 
right  of  the  9  hr  photographs  depict  the  rhodamine  fluorescence  of  dextran  complexes,  which  were  oj-injected  with  toe  cDNA.  Int^ect  fluorescein 
Zunofluor^ce^^ce  stLing  of  AChE  observed  at  the  end  of  the  experiment  is  shown  on  the  tet  nght^nel.  Note  the  correlation  between  dexti^ 
Zrescence  and  AChE  staining.  Staining  and  imaging  conditions  were  idendcal  for  all  four 

labeled  cells  (+)  were  positive  with  both  red  and  green  fUters,  whereas  negative  (-)  celU  remained  invisible  in  both.  Scale  bar,  20  pm. 
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Figure  3.  Effects  of  expressing  human  AChE  on  the  growth  oiXenopus 
spinal  neurons.  Composite  concentric  line  drawings  were  made  from 
video  images  of  12  isolated  spinal  neurons  at  6,  7,  8,  and  9  hr  after  cell 
plating.  The  center  of  the  neuronal  soma  (deleted  from  this  image)  was 
placed  in  the  center  of  each  drawing.  Note  consistent  overall  neurite 
length  promotion  in  neurons  that  expressed  AChE-E6  but  not  AChE-I4. 
Neurons  derived  from  uninjected  blastomeres  served  as  controls.  Scale 
bar,  20  pm. 


tion  to  their  growth-promoting  capacities,  we  microinjected 
A(CHE-E4,  ACHE-E6,  or  ACHE-I4/E5  DNAs  into  in  vitro  fer¬ 
tilized  Xenopus  eggs.  Sequential  extractions  of  injected  embryos 
into  low-salt,  low-salt- detergent,  and  high-salt  buffers  yielded 
hAChE-containing  homogenates  from  1-,  2-,  and  3-d-old  injected 
Xenopus  embryos.  AChE  catalytic  activities  measured  in  these 
homogenates  ranged  2-  to  10-fold  higher  than  those  of  homoge¬ 
nates  from  uninjected  embryos  (data  not  shown)  (Seidman  et  al., 
1995).  Most  importantly,  the  recombinant  hAChE  variants  dif¬ 
fered  in  their  membrane  association,  Catalytically  active  AChE 
in  homogenates  from  ACHE-E4-injected  embryos  was  92-95% 
soluble  in  low-salt  buffer,  and  AChE-I4  was  74-91%  low-salt 
soluble  (Fig.  4),  as  compared  with  33-53%  for  low-salt-soluble 
AChE-E6,  A  major  fraction  (20-50%)  of  hAChE-E6,  but  no 
other  active  variant,  partitioned  into  the  low-salt-detergent  frac¬ 
tion,  reconfirming  our  previous  reports  (Seidman  et  al.,  1995)  and 
resembling  the  solubility  pattern  of  the  endogenous  Xenopus 
enzyme  (Fig.  4).  Thus,  although  AChE-E6  could  be  membrane- 
associated,  AChE-E4  and  AChE-I4  appear  to  be  soluble  proteins 
that  could  be  secreted  from  the  cells  expressing  them.  Moreover, 
in  all  cases  except  AChE-E4,  but  including  the  endogenous  Xe¬ 
nopus  enzyme,  there  seemed  to  be  a  shift  in  solubility  with 
development,  from  the  low-salt  fraction  to  the  detergent  and 
high-salt  fractions.  This  shift  may  reflect  a  progressive  increase  in 
membrane  interaction  and  association  with  other  components, 
such  as  the  extracellular  matrix,  at  the  time  these  components  are 
being  formed  and  neurons  extend  their  neurites  in  vivo. 


lytic  activity  (see  above).  As  shown  in  Table  1,  (AChE-E6+)  and 
(ACHE-E6-IN+)  neurites  were  similar  both  in  the  total  neurite 
length  after  9-10  hr  in  culture  and  in  the  rate  of  neurite  growth 
during  this  period.  Thus,  the  ability  of  hAChE  to  promote  growth 
was  associated  with  the  presence  of  the  E6-derived  C  terminus, 
regardless  of  the  catalytic  activity. 

The  E6-derived  C  terminus  is  essential  for 
growth  promotion 

The  ability  of  AChE-E6  but  not  AChE-I4  to  promote  neurite 
growth  could  be  attributable  to  a  dominant-positive  effect  of  the 
AChE-E6  C  terminus  (conferred  by  a  sequence  and/or  structural 
element  present  in  this  domain),  or  to  a  dominant-negative  effect 
exerted  by  the  I4-encoded  C  terminus  (i.e.,  the  14  peptide  could 
interfere  with  the  growth-promoting  properties  of  other  do- 
main(s)  in  the  AChE  core  protein).  This  problem  was  examined 
by  expressing  the  truncated  AChE-E4  form  of  AChE,  which 
retains  the  ACh  hydrolytic  activity  yet  lacks  either  the  E6-  or  the 
I4-derived  natural  C-terminal  peptides.  The  inability  of 
AChE-E4  to  promote  growth  (Table  1)  proved  the  first  option 
correct.  Therefore,  growth  promotion  of  Xenopus  spinal  neurons 
by  AChE  did  not  require  ACh  hydrolytic  activity;  neither  was  it 
affected  by  the  presence  or  absence  of  the  I4-derived  C  terminus. 
Rather,  to  exert  this  growth-promoting  activity  the  E6-derived 
synapse-characteristic  C  terminus  must  be  present. 

The  growth  promotion  activity  of  AChE  is  associated 
with  membrane  interaction 

Despite  their  sequence  and  biochemical  similarities,  AChE-E6 
and  AChE-I4  have  previously  been  shown  to  be  differentially 
localized  in  Xenopus  embryos,  both  intra-  and  intercellularly 
(Seidman  et  al.,  1995).  AChE-E6  was  found  to  be  associated  with 
NMJs  and  AChE-I4  localized  in  epidermis  and  secreted  there¬ 
from.  To  compare  the  hydrodynamic  and  membrane  association 
properties  of  the  different  recombinant  hAChE  variants  in  rela¬ 


The  synaptogenic  and  neurite  growth-promoting 
activities  of  AChE  are  distinct 

To  compare  the  synaptogenic  effect  of  AChE  (Seidman  et  al., 
1995)  with  its  neurite  growth-promoting  capacity,  we  examined 
neuromuscular  junctions  (NMJs)  firom  myotomes  of  2-d-old  em¬ 
bryos  injected  with  the  above  four  vectors.  AChE  activity  staining 
(Seidman  and  Soreq,  1996)  followed  by  transmission  electron 
microscopy  was  used  to  assess  the  in  vivo  localization  of  AChE 
and  its  synaptogenic  activity  in  Xenopus  NMJs.  As  is  apparent 
from  the  representative  images  of  NMJs  presented  in  Figure  5, 
both  AChE-E6  and  the  truncated  AChE-E4  accumulated  in 
NMJs  in  amounts  exceeding  those  in  control  NMJs.  High  levels  of 
catalytically  active  AChE,  most  likely  of  endogenous  Xenopus 
origin,  were  also  detected  in  NMJs  from  embryos  expressing 
AChE-E6-IN.  In  contrast,  AChE-I4  was  absent  from  NMJs, 
confirming  previous  observations  (Seidman  et  al.,  1995).  These 
analyses  demonstrated  that  although  the  E6-encoded  C  terminus 
may  promote  the  interaction  of  AChE  with  NMJ  components,  it 
is  not  obligatory  for  NMJ  accumulation  of  catalytically  active 
AChE.  Rather,  the  I4-encoded  C  terminus  appeared  to  interfere 
dominantly  with  the  accumulation  of  AChE  in  NMJs.  Moreover, 
postsynaptic  length  measurements  in  2-d-old  embryos  showed 
that  transgenic  expression  of  both  AChE-E6  and  the  soluble 
AChE-E4  enlarged  NMJs  from  an  average  length  of  1.82  ±  0.16 
pm  (SEM;  n  =  55)  to  significantly  larger  synapses  with  averages 
of  2.29  ±  0.16  psn  (SEM;  n  =  66)  and  2.68  ±  0.36  pm  (SEM;  n  = 
16),  respectively  (p  <  0.05;  two-tailed  t  test).  In  contrast,  NMJs 
from  embryos  expressing  AChE-I4  or  AChE-E6-IN  displayed 
average  postsynaptic  lengths  that  were  somewhat  smaller  yet  not 
significantly  different  from  that  of  control  NMJs  (1.69  ±  0.19  pm, 
SEM,  n  =  43,  and  1.41  ±  0.23  pm,  SEM,  n  =  31,  respectively). 
The  columns  in  Figure  5  depict  this  change,  which  is  reflected  by 
a  shift  in  NMJ  distribution  between  two  groups:  synapses  with 
postsynaptic  lengths  smaller  or  larger  than  2.5  pm.  Thus,  both  the 
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Table  1.  Effects  of  AChE  on  neurite  growth  in  vitro 


Total  neurite 

lengtl^r  cell  (;i.m) 

Growth  rate 

Number  of 

Number  of  cells  f 

Construct  injected'* 

at  6-7  hr. 

at  9-10  hr. 

(ptm/hr) 

branches 

fembryos) 

ACHE-E6 

64.6  ±  6.5 

124.0  i  11.7* 

37.9  ±  5.2* 

1.8  ±  0.1 

32  (7) 

- 

55.2  ±  5.9 

88.2  ±  10.3 

12.9  ±  2.7 

1.6  ±  0.1 

33  (7) 

ACHE-14/ E5 

4- 

62.0  ±  10.6 

77,5  ±  8.2 

11.6  z:  2.1 

1.7  ±  0.1 

27(8) 

- 

52.9  ±  5.0 

92.7  ±  6.2 

14.7  ±  1.9 

1.6  ±0.1 

31(8) 

ACHE-E6-IN 

+ 

91.2  ±  9.8* 

156.9  ±  13.6* 

33.6  ±  3.7* 

2.0  ±  0.1 

25(3) 

- 

47.4  ±  5.1 

62.5  ±  9.6 

11.2  ±2.1 

1.5  ±  0.1 

28(3) 

ACHE-E4 

-1- 

48.0  ±  7.0 

94,2  ±  9.1 

11.9  ±  3.7 

1.7  ±  0.2 

16(4) 

- 

51.6  ±  7.4 

126.2  ±  20.4 

13.0  ±  4.2 

1.8  ±  0.2 

20(4) 

®  cDNA  vectors  were  injected  into  Xenopus  embryos  at  the  two-cell  stage  using  rhodamine-dextran  as  a  marker.  Cultures  were  made  from  injected  embryos  1  d  later.  4- 
indicates  rhodamine— detran-positive  neurons;  ”  indicates  rhodamine-dextran-negative  neurons  in  the  same  cultures. 

*  Significant  difference  was  found  between  -I-  and  -  groups  (two-tailed  t  test;  p  <  0.005). 


Figure  4.  AChE-E6  exhibits  developmentally  increased  membrane  a^o- 
ciation  in  vivo.  Cleaving  Xenopus  embryos  were  injected  with  the  various 
ACHE  DNA  vectors  or  with  buffer  (C)  and  sequential  extractions  into 
iow-salt-soluble  (LSS),  low-salt-detergent-soluble  (DS),  and  high-salt- 
soluble  {HSS)  fractions  were  performed.  Endogenous  Xenopus  AChE 
activities  were  subtracted  from  activities  of  all  other  embryo  samples. 
Slices  therefore  represent  the  net  relative  fractions  of  the  total  summed 
activities  for  the  host  enzyme  and  each  hAChE  variant.  Note  that 
AChE-E6  is  similar  to  Xenopus  AChE  in  its  lower  solubility  under 
low-salt  extraction,  whereas  AChE-E4  and  AChE-I4  are  both  predomi¬ 
nantly  low-salt  soluble.  Top,  Schematic  drawings  of  1,-  2-,  and  3-d-old 
Xenopus  embryos  modeled  after  those  of  Deuchar  (1966). 

synaptic  accumulation  and  the  hydrolytic  capacity  of  the  trans¬ 
genic  enzyme  were  found  to  be  obligatory  requirements  for  its 
ability  to  enhance  NMJ  development.  In  contrast,  the  synapto- 
genic  activity  of  AChE  was  found  to  be  unrelated  to  membrane 
association,  unlike  its  neuritic  growth-promoting  function. 


DISCUSSION 

We  used  four  recombinant  hAChE  variants  to  demonstrate  that 
the  neurite  growth-promoting  activity  of  AChE  in  cultured  Xe¬ 
nopus  neurons  depends  on  the  E6-encoded  C  terminus  but  not  on 
catalytic  activity,  whereas  its  synaptogenic  property  in  live  Xeno- 
piis  embryos  depends  both  on  its  ability  to  accumulate  within  the 
synapse  and  on  its  hydrolytic  capacity.  Thus,  AChE  plays  two 
distinct  roles,  with  different  mechanistic  requirements,  during 
nervous  system  development. 

That  the  C  terminus  of  hAChE  modifies  the  electrophoretic 
migration  properties  of  the  enzyme  under  both  native  and  dena¬ 
turing  conditions  demonstrated  that  it  constitutes  an  independent 
domain  in  the  AChE  protein,  affecting  its  Stokes  radius  and 
surface  charge.  Human  AChE-E6,  AChE-I4,  and  AChE-E4,  ail 
of  which  differ  in  their  C  termini,  are  catalytically  active  and 
enzymatically  indistinguishable  (this  report)  (Schwarz  et  al., 
1995a).  Cleavage  of  the  E6-encoded  C  terminus  does  not  affect 
the  catalytic  activity  of  Torpedo  AChE  (Duval  et  al.,  1992),  which 
demonstrates  that  the  C  terminus  is  not  necessary  for  substrate 
hydrolysis  in  vitro.  Our  current  results  further  reveal  that  the 
intact  catalytic  activity  of  AChE  in  Xenopus  laevis  is  C  terminus 
independent  also  in  vivo.  Furthermore,  an  in-frame  insertion  of  a 
foreign  septapeptide  near  the  active  site  serine  abolished  the 
catalytic  activity  of  the  enzyme,  consistent  with  predictions  of 
others  (Taylor  and  Radic,  1994).  Neither  of  these  alterations  had 
an  apparent  effect  on  the  amounts  or  the  immunoreactivity  of  the 
enzyme  produced  in  Xenopus  oocytes  or  embryos. 

The  minor  fast-migrating  immunoreactive  band  produced  from 
the  hAChE-E6  and  hAChE-E6-IN  proteins  implies  partial  cleav¬ 
age  of  the  C  terminus  encoded  by  E6,  yielding  a  protein  that  is 
identical  to  hAChE-E4.  The  electrophoretic  heterogeneity  of 
hAChE-I4  and  the  fact  that  part  of  the  hAChE-I4  protein  mi¬ 
grated  similarly  to  hAChE-E4  under  nondenaturing  gel  electro¬ 
phoresis  further  suggested  that  the  I4-encoded  C  terminus  could 
be  positioned  in  several  orientations  relative  to  the  core  domain 
and  be  accessible  to  proteases,  consistent  with  findings  of  others 
(Sussman  et  al.,  1991).  However,  because  only  minor  parts  of 
hAChE-E6  or  hAChE-I4  co-migrate  with  hAChE-E4,  we  con¬ 
clude  that  most  of  the  former  proteins  indeed  possessed  their 
complete  C  termini. 

Sequential  extraction  experiments  demonstrated  that  the  en¬ 
dogenous  Xenopus  enzyme  and  hAChE-E6  partitioned  mainly 
between  the  low-salt  and  the  low-salt-detergent  fractions, 
whereas  hAChE-E4  and  hAChE-I4  were  almost  completely  sol- 
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Figure  5.  AChE’E6  and  AChE-E4  en¬ 
hance  NMJ  length,  whereas  AChE-I4 
and  AChE*E6-IN  do  not.  Two-day-old 
DNA-injected  and  control  uninjected 
Xenopus  embryos  were  stained  for  cata- 
lytically  active  AChE  and  examined  by 
electron  microscopy.  Representative  im¬ 
ages  of  NMJs  from  embryos  with  each  of 
the  vectors  are  shown.  Note  the  en¬ 
hanced  staining  apparent  as  dark 
electron-dense  deposib^  in  NMJs  from 
AChE-E6-,  AChE-E6-IN-,  and  AChE- 
E4-injected  embryos  as  compared  with 
controls.  T,  Nerve  terminal;  M,  muscle 
cell;  arrows  points  at  synaptic  clefts.  Bot¬ 
tom  right  panely  NMJ  population  analy¬ 
sis,  Electron  microscope  NMJ  images 
(16,  31,  43,  and  66  sections  from  AChE- 
E4,  -E6-IN,  -14,  and  -E6  injected  and  55 
sections  from  control  uninjected  em¬ 
bryos,  respectively)  were  used  for 
postsynaptic  length  measurements.  The 
percentage  of  synapses  with  lengths 
shorter  or  longer  than  2.5  fim  are  pre¬ 
sented  for  NMJs  from  embryos  injected 
with  each  vector.  Note  that  expression  of 
AChE-E6  and  AChE-E4  increases 
postsynaptic  length  as  compared  with 
controls. 


ubilized  in  low  salt.  These  observations  extend  previous  findings 
(Seidman  et  al.,  1995)  that  unlike  hAChE-E6,  hAChE-I4  is  se¬ 
creted  to  the  medium  by  Xenopus  embryos  and  imply  that  the  C 
terminus  encoded  by  14  does  not  contribute  to  the  membrane 
interaction  properties  of  this  enzyme.  Furthermore,  these  results 
are  in  agreement  with  the  well  known  membrane  association  of 
AChE-E6  (for  review,  see  Massoulie  et  al,  1993).  Therefore,  of 
all  AChE  forms  tested,  only  proteins  containing  the  E6-derived  C 
terminus  could  associate  with  neuronal  membranes  and  support 
growth  through  such  association. 

The  endogenous  Xenopus  enzyme,  which  has  not  yet  been 
extensively  characterized  or  molecularly  cloned,  displayed  hydro- 
dynamic  properties  and  subcellular  interactions  similar  to  those 
of  transgenic  hAChE-E6  and  resembles  the  synaptic  form  of 
mammalian  AChE  encoded  by  ACHE-E6.  Xenopus  AChE  is 
more  resistant  to  heat  and  to  the  anticholinesterase  echothio- 
phate  than  the  human  enzyme  and  does  not  form  heteromeric 
multimers  with  hAChE  (this  report)  (Seidman  et  al.,  1994). 
However,  despite  these  distinctions,  neurons  and  NMJs 

respond  to  the  morphogenic  activities  of  hAChE  in  an  evolution- 
arily  conserved  manner.  This  emphasizes  the  importance  of  these 
functions  and  may  allude  to  their  early  emergence  in  evolution. 

In  addition  to  its  extracellular  function  in  the  hydrolysis  of 
synaptic  ACh,  we  demonstrate  here  that  when  intracellularly 
expressed,  the  membrane-associated  AChE-E6  protein  but  not 
the  alternatively  spliced  AChE-I4-secreted  protein  promotes  au¬ 
tologous  neurite  extension  of  Xenopus  neurons.  Similar  neurite 


growth  activity  can  be  induced  by  mutation-inactivated  AChE-E6 
but  not  by  the  enzymatically  active  truncated  AChE-E4  enzyme. 
In  cultures  of  chick  sympathetic  neurons,  rat  hippocampus,  or 
retinal  ganglion  cells,  AChE  inhibitors  interacting  with  the  pe¬ 
ripheral  site  of  the  enzyme  prevented  the  neurite  growth  effect 
and  fasciculation  exerted  by  externally  added  AChE  (Layer  et  al., 
1993;  Jones  et  al.,  1995;  Small  et  al.,  1995).  However,  the  active 
site  organophosphate  inhibitor  echothiophate,  which  totally  in¬ 
hibits  cholinesterase  activity,  did  not  block  AChE-induced 
growth.  This  indicated  that  the  neurite  promotion  effects  were 
not  caused  by  enzyme  activity  per  se.  However,  the  effect  of  these 
pharmacological  agents  could  be  unrelated  to  their  binding  to 
AChE,  whereas  elevation  of  the  levels  of  intracellularly  produced 
AChE  protein  unequivocally  establishes  a  novel  noncatalytic 
function  for  this  protein.  Like  the  process  extension  in  rat  glioma 
cells  microinjected  with  ACHE-E6  DNA  (Karpel  et  al.,  1996), 
the  neurite  growth-promoting  effect  was  spatially  limited  to  those 
cells  expressing  the  enzyme  and  did  not  extend  to  adjacent, 
non-hAChE-expressing  neurons.  This  suggests  that  it  involves  the 
detergent-extractable  fraction  of  AChE-E6  and  that  it  is  associ¬ 
ated  with  membrane  protein  signaling. 

How  does  AChE  promote  neurite  growth?  A  group  of  adhe¬ 
sion  molecules,  such  as  neurotactin,  neuroligin,  and  gliotactin, 
contain  extracellular  domains  showing  a  uniformly  distributed 
homology  to  cholinesterases.  Their  cysteine  positions  correspond 
to  those  involved  in  the  formation  of  AChE  intramolecular  disul¬ 
fide  bonds,  suggesting  that  these  adhesion  molecules  may  resume 
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tertiary  structure  similar  to  that  of  cholinesterases.  Although 
none  of  these  proteins  is  a  catalytically  active  esterase,  replace¬ 
ment  of  the  extracellular  domain  of  Drosophila  neurotactin  with 
the  core  domain  of  AChE  created  a  chimeric  protein  promoting 
cell  adhesion  (Darboux  et  al.,  1996).  Drosophila  AChE  itself  or 
neurotactin  lacking  most  of  its  intracellular  or  extracellular  do¬ 
mains  failed  to  do  so,  suggesting  membrane-associated  signaling 
operable  with  the  AChE  core  domain.  Thus,  AChE  may  promote 
neurite  extension  by  modulating  the  adhesion  capacity  of 
neurites. 

/3-Neurexins  have  been  identified  as  the  neuronal  membrane 
partners  interacting  with  neuroligins  (Ichtchenko  et  al.,  1995). 
This  indicates  that  the  core  AChE  domain  encoded  by  exons  2-4 
and  corresponding  to  the  cholinesterase-like  domains  of  neuro¬ 
tactin  and  neuroligins  could  also  operate  by  supporting  recogni¬ 
tion  of  neurexins  and  related  ligand(s).  In  mammals,  it  has  been 
postulated  that  association  between  p-neurexins  and  neuroligins 
contributes  to  axon  growth  and  cell-cell  and  cell-extracellular 
matrix  interactions  (Puschel  and  Betz,  1995).  Unlike  the  core 
polypeptide  of  AChE,  the  E6-derived  C  terminus  does  not  share 
homology  with  the  neurotactin  family  members  (Seidman  et  al., 
1995)  but  could  associate  the  enzyme  with  the  cell  membrane. 
Both  hAChE-E6  and  hAChE-E6-IN,  but  not  hAChE-E4  or 
hAChE-I4,  could  potentially  associate  with  the  cell  membrane 
through  the  E6  C  terminus  and  interact,  through  the  core  AChE 
domain,  with  a  ^-neurexin-like  ligand  expressed  on  the  surface  of 
the  same  or  other  cells  or  associated  with  the  extracellular  matrix. 
This  would  elicit  signal  transduction  by  the  intracellular  domain 
of  the  ligand,  which  can  induce  neurite  extension.  Likewise,  the 
process  extension  ejffect  exerted  by  hAChE-E6  on  glia  (Karpel  et 
al,  1996)  can  be  attributed  to  interaction  with  the  corresponding 
ligand  of  the  AChE  homologous  protein  gliotactin  (Auld  et  al, 
1995).  Moreover,  the  recent  discovery  of  the  novel  Neurexin  4 
expressed  in  epithelial  cells  (Baumgartner  et  al,  1996)  extends 
this  hypothesis  also  to  non-neuronal  sites.  This  theory  is  strength¬ 
ened  further  by  our  recent  observation  that  transgenic  expression 
of  hAChE  in  mice  modulates  the  production  of  ^-neurexins  in  the 
mouse  spinal  cord  (Andres  et  al,  1997).  Molecular  cloning  of 
Xenopus  neurexins  would  be  required  to  further  investigate  this 
mechanism. 

The  novel  function  of  AChE  in  promoting  neurite  growth 
explains  the  early  developmental  involvement  for  this  protein 
before  synaptogenesis,  supporting  descriptive  theories  based  on 
its  spatiotemporal  expression  pattern  in  avian  embryogenesis 
(Layer  et  al,  1995).  It  presents  an  interesting  example  of  multiple, 
seemingly  unrelated  functions  for  one  protein.  That  such  func¬ 
tional  duality  in  various  tissues  may  be  a  more  general  phenom¬ 
enon  than  we  are  currently  aware  of  is  indicated  from  findings 
with  other  proteins,  such  as  lactate  dehydrogenase  (LDH),  which 
is  both  a  hepatic  enzyme  (Baumgart  et  al,  1996)  and  a  structural 
crystallin  protein  in  the  lens  (Chiou  et  al,  1991;  Voorter  et  al, 
1993).  Although  ACh  hydrolysis  was  the  first  and  foremost  iden¬ 
tified  function  of  AChE,  distinct  elements  on  the  surface  of  this 
protein  might  have  been  preserved  during  evolution  because  of 
their  interaction  capacities  with  specific  diverse  molecules,  which 
serve  for  different  cellular  functions. 

Unlike  its  neurite  growth-promoting  activity,  our  current  find¬ 
ings  demonstrate  that  the  synaptogenic  activity  of  AChE  is  tightly 
related  with  its  catalytic  activity  yet  not  dependent  on  the  E6- 
derived  C  terminus.  Thus  the  synaptic  accumulation  of  the  cata¬ 
lytically  active,  truncated  AChE-E4  sufficed  to  enhance  NMJ 
development  in  vivo,  whereas  the  inert  AChE-E6-IN  did  not 


enlarge  these  synapses,  although  its  biochemical  properties  sug¬ 
gest  distribution  similar  to  that  of  the  native  enzyme.  This  in  turn 
suggests  that  the  I4-derived  C  terminus  is  actively  involved  in  the 
exclusion  of  AChE-I4  from  the  synaptic  cleft  and  attributes  an 
important  role  to  the  effective  termination  of  cholinergic  neuro- 
transmission  in  synapse  development.  Altogether,  one  should 
view  AChE  as  a  modular  macromolecule,  designed  to  transduce 
neurite  growth  signals  as  well  as  synapse  development  ones  by 
virtue  of  a  concerted  combination  of  its  core  protein  domain, 
alternative  C  termini  and  its  ACh  hydrolytic  capacity. 

REFERENCES 

Anderson  MJ,  Cohen  MW,  Zorychta  E  (1977)  Effects  of  innervation  on 
the  distribution  of  acetylcholine  receptors  on  cultured  muscle  cells. 
J  Physiol  (Lond)  268:731-756, 

Andres  C,  ^eri  R,  Friedman  A,  Lev-Lehman  E,  Henis  S,  Timberg  R, 
Shani  M,  Soreq  H  (1997)  Acetylcholinesterase-transgenic  mice  display 
embryonic  modulations  in  spinal  cord  choline  acetyltransferase  and 
neurexin  gene  expression  followed  by  late-onset  neuromotor  degen¬ 
eration.  Proc  Natl  Acad  Sci  USA  95:8173-8178. 

Auld  VJ,  Fetter  RD,BroadieK,  Goodman  CS  (1995)  Gliotactin,  a  novel 
transmembrane  protein  on  peripheral  glia,  is  required  to  form  the 
blood-nerve  barrier  in  Drosophila.  Cell  81:757-767. 

Baumgart  E,  Fahimi  H,  Stich  A,  Volki  A  (1996)  L-lactate  dehydrogenase 
A4-  and  i^B  isoforms  are  bona  fide  peroxisomal  enzymes  in  rat  liver. 
Evidence  for  involvement  in  intraperoxisomal  NADH  reoxidation. 
J  Biol  Chem  271:3846-3855. 

Baumgartner  S,  Littleton  JT,  Broadie  K,  Bhat  M  A,  Harbecke  R,  Lengyel 
JA,  Chiquet-Ehrismann  R,  Prokop  A,  Bellen  HJ  (1996)  A  Drosophila 
neurexin  is  required  for  septate  junction  and  blood-nerve  barrier  for¬ 
mation  and  function.  Cell  87:1059-1068. 

Ben  Aziz-Aloya  R,  Seidman  S,  Timberg  R,  Sternfeld  M,  Zakut  H,  Soreq 
H  (1993)  Expression  of  a  human  acetylcholinesterase  promoter- 
reporter  construct  in  developing  neuromuscular  junctions  of  Xenopus 
embryos.  Proc  Natl  Acad  Sci  USA  90:2471-2475. 

ChiouSH,  Lee  HJ,  Huang  SM,  Chang  GG  (1991)  Kinetic  comparison  of 
caiman  epsilon-crystallin  and  authentic  lactate  dehydrogenases  of  ver¬ 
tebrates.  J  Protein  Chem  10:161-166. 

Darboux  I,  Barthalay  Y,  Piovant  M,  Hipeau-Jaczquotte  R  (1996)  The 
structure-function  relationships  in  Drosophila  neurotactin  show  that 
cholinesterasic  domains  may  have  adhesive  properties.  EM  BO  J 
15:4835-4843. 

de  La  Escalera  S,  Bockamp  EO,  Moya  F,  Piovant  M,  Jimenez  F  (1990) 
Characterization  and  gene  cloning  of  neurotactin,  a  Drosophila  trans- 
membrane  protein  related  to  acetylcholinesterase.  EM  BO  J 
9:3593-3601. 

Deuchar  EM  (1966)  Biochemical  aspects  of  amphibian  development. 
London:  Methuen. 

Duval  N,  Massoulie  J,  Bon  S  (1992)  H  and  T  subunits  of  acetylcholines¬ 
terase  from  Torpedo,  expressed  in  COS  cells  generate  all  types  of 
globular  forms.  J  Cell  Biol  118:641-653. 

Higuchi  R  (1990)  Recombinant  PCR.  In:  PCR  protocols  (Innis  MA, 
Gellfand  DH,  Sninsky  JJ,  White  TJ,  eds),  pp  177-183.  San  Diego: 
Academic, 

Ichtchenko  K,  Hata  Y,  Nguyen  T,  Ullrich  B,  Missler  M,  Moomaw  C, 
Sudhof  TC  (1995)  NeuroUgin  1:  a  splice  site-specific  ligand  for 
^-neurexins.  Cell  81:435-443. 

Jones  SA,  Holmes  C,  Budd  TC,  Greenfield  SA  (1995)  The  effect  of 
acetylcholinesterase  on  outgrowth  of  dopaminergic  neurons  in  organo¬ 
typic  slice  culture  of  rat  midbrain.  Cell  Tissue  Res  279:323-330. 
Karpel  R,  Ben  Aziz-Aloya  R,  Sternfeld  M,  Ehrlich  G,  Ginzberg  D, 
Tarroni  P,  dementi  F,  Zakut  H,  Soreq  H  ^994)  Expression  of  three 
alternative  acetylcholinesterase  messenger  RNAs  in  human  tumor  cell 
lines  of  different  tissue  origins.  Exp  Cell  Res  210:268-277. 

Karpel  R,  Sternfeld  M,  Ginzberg  D.  Guhl  E,  Graessman  A,^  Soreq  H 
(1996)  Overexpression  of  alternative  human  acetylcholinesterase 
forms  modulates  process  extensions  in  cultured  glioma  cells.  J  Neuro- 
chem  66:114-123. 

Layer  PG,  WUlbold  E  (1995)  Novel  functions  of  cholinesterases  in  de¬ 
velopment,  physiology  and  disease.  Prog  Histochem  Cytochem  29:1-99. 
Layer  PG,  Weikert  T,  Alber  R  (1993)  Cholinesterases  regulate  neurite 
growth  of  chick  nerve  cells  in  vitro  by  means  of  a  non-enzymatic 
mechanism.  Cell  Tissue  Res  273:219-226. 


I 


Orig.  Op. 

OPERATOR; 

Session 

PROOF: 

EDs: 

AAs: 

COMMENTS: 

ARTNO: 

INI 

rwyhy. 

4  nrs4 

013 

I 


10  J.  Neurosci.,  February  15, 1998,  7aC4}:*-» 

Massoulie  J,  Pezzementi  L,  Bon  S,  Krejci  E,  Vallette  F-M  (1993)  Mo¬ 
lecular  and  cellular  biology  of  cholinesterases.  Prog  Neurobiol 
41:31-19. 

Neville  LF,  Gnatt  A,  Padan  R,  Seidman  S,  Soreq  H  (1990)  Anionic  site 
interactions  in  human  butyrylcholinesterase  disrupted  by  two  adjacent 
single  point  mutations.  J  Biol  Chem  265:20735-20738. 

Nieuwkoop  PD,  Faber  J  (1967)  Normal  table  of  Xenopus  laevis,  Ed  2. 
Amsterdam:  North  Holland. 

Puschel  AW,  Betz  H  (1995)  Neurexins  are  differentially  expressed  in  the 
embryonic  nervous  system  of  mice.  J  Neurosci  15:2849-2856. 

Salpeter  M  (1967)  Electron  microscope  radioautography  as  a  quantita¬ 
tive  tool  in  enzyme  cytochemistry.  I,  The  distribution  of  acetylcholines¬ 
terase  at  motor  endplates  of  a  vertebrate  twitch  muscle.  J  Cell  Biol 
32:379-389. 

Schwarz  M,  Loewenstein-Lichtenstein  Y,  Click  D,  Liao  J,  Norgaard- 
Pedersen  B,  Soreq  H  (1995a)  Successive  organophosphate  inhibition 
and  oxime  reactivation  reveals  distinct  responses  of  recombinant  hu¬ 
man  cholinesterase  variants.  Mol  Brain  Res  31:101-110. 

Schwarz  M,  Click  D,  Loewenstein  Y,  Soreq  H  (1995b)  Engineering  of 
human  cholinesterases  explains  and  predicts  diverse  consequences  of 
administration  of  various  drugs  and  poisons.  Pharmacol  Ther 
67:283-322. 

Seidman  S,  Soreq  H  (1996)  Transgenic  Ye/iqpus  microinjection  methods 
and  developmental  neurobiology.  Neuromethods  series  (Boulton  A, 
Baker  CB,  eds),  pp  000-000.  Totowa,  NJ:  Humana. 

Seidman  S.  Ben  Aziz-Aloya  R,  Timberg  R,  Loewenstein  Y,  Velan  B, 
Shafferan  A,  Liao  J,  Norgaard-Pedersen  B,  Brodbeck  U,  Soreq  H 
(1994)  Overexpressed  monomeric  human  acetylcholinesterase  induces 


Sternfeld  et  al.  •  Noncatalytlc  Neurogenic  Activity  of  Synaptic  AChE 

subtle  ultrastructural  modifications  in  developing  neuromuscular  junc¬ 
tions  of  Xenopus  laevis  embryos.  J  Neurochem  62:1670-1681. 

Seidman  S,  Sternfeld  M,  Ben  Aziz-Aloya  R,  Timberg  R,  Kaufer-Nachum 
D,  Soreq  H  (1995)  Synaptic  and  epidermal  accumulation  of  human 
acetylcholinesterase  are  encoded  by  alternative  3'-terminal  exons.  Mol 
Cell  Biol  15:2993-3002. 

Small  DH,  Reed  G,  Whitefield  B,  Nurcombe  V  (1995)  Cholinergic  reg¬ 
ulation  of  neurite  outgrowth  from  isolated  chick  sympathetic  neurons 
in  culture.  J  Neurosci  15:144-151 

Soreq  H,  Ben  Aziz  R,  Prody  CA.  Seidman  S,  Gnatt  A,  NevUle  L, 
Lieman-Hurwitz  J,  Lev-Lehman  E,  Lapidot-Lifson  Y,  Zakut  H  (1990) 
Molecular  cloning  and  construction  of  the  coding  region  for  human 
acetylcholinesterase  reveals  a  G+C-rich  attenuating  structure.  Proc 
Natl  Acad  Sci  USA  87:9688-9692. 

Spitzer  NC,  Lamborghini  JC  (1976)  The  development  of  the  action 
potential  mechanism  of  amphibian  neurons  isolated  in  culture.  Proc 
Natl  Acad  Sci  USA  73:1641-1645. 

Sussman  JL,  Harel  M,  Frolow  F,  Oefaer  C,  Goldman  A,  Toker  L,  Silman 
I  (1991)  Atomic  structure  of  acetylcholinesterase  from  Torpedo  call- 
fomica:  a  prototypic  acetylcholine-binding  protein.  Science 
253:872-879. 

Tabti  N,  Poo,  M-m  (1995)  Study  on  the  induction  of  spontaneous  trans¬ 
mitter  release  at  early  nerve-muscle  contacts  in  Xenopus  cultures. 
Neurosci  Lett  173:21-26. 

Taylor  P,  Radic  Z  (1994)  Cholinesterases:  from  genes  to  proteins.  Annu 
Rev  Pharmacol  Toxicol  34:281-320. 

Voorter  CE,  Wintjes  LT,  Heinstra  PW,  Bloemendai  H,  De-Jong  WW 
(1993)  Comparison  of  stability  properties  of  lactate  dehydrogenase  B4/ 
epsilon-crystalline  from  different  species.  Eur  J  Biochem  211:643-  648. 


! 

lOrio  On  I  OPERATOR:  I  Session  !  PROOK:  I  EDs:  ]  Ms:  |  COMMENTS: 


INIT:] 


I  ARTNO: 


